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SUMMARY
The work is divided into four parts* In part one the pKa values
of a series of acetophenones have been determined using a novel method
which involved measuring the rate of detritiation of a weak carbon acid
in hydroxide-water-diinethylsulphoxide media* The change in the rate due
to hydroxide ion removal on ionisation of an added stronger carbon acid
enabled the pKa for this acid to be determined*
In part two the hydroxide-catalysed rates of detritiation (k ) and 
Hracemisation (k ) of phenylmethylacetophenone have been measured in various
H Tdimethylsulphoxide-water mixtures* The isotope effect (k /k ) reaches a 
maximum at an H_ value of 16*5 and the Br/Snsted 8 exponent for the reactions 
is 0*49 + 0*02* Arrhenius parameters have been determined and 
reaches a maximum at an H_ value of 16*8* Anomalous values are
discussed in terms of solvent reorganisation contributions*
In part three the acid-catalysed rates of detritiation of some 
acetophenones have been determined in acidic and highly acidic media* 
Equilibrium protonation studies on the acetophenones have also been made 
using a nuclear magnetic resonance method* The two studies allowed an 
appraisal of current mechanistic criteria for reactions in highly acidic 
media* The equilibrium studies emphasise the elusiveness of true 
thermodynamic pKg^+ values*
In part four kinetic and nuclear magnetic resonance studies of 
ion association effects in alkali-metal ethoxide-ethanol, t-butoxide-t- 
butanol media have been made. The tendency towards increasing ion-pair 
formation on going from potassium to sodium to lithium cations is most 
pronounced in t-butanol* The nuclear magnetic resonance studies suggest 
a greater tendency towards the formation of solvent-separated rather than 
contact ion-pairs in ethanol*
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G E N  E R A L I N T R O D U C T I O N
The technique common to all four parts of this thesis is the
tritium-tracer kinetic technique# The inherent sensitivity of the
radio-tracer method enables concentrations as low as 0.01 (ic/gm to
be easily measured and the consequent trace concentrations required can
dispel many difficulties, such as substrate solubility, sometimes
encountered in other conventional methods* Furthermore the low
concentrations used can lead to simplifications in the kinetics of 
(1)
reactions.'* 7 The method also has the advantage of allowing the 
measurement of the rates of very slow reactions
Tritium is a very weak 8 emitter (E « 18.6 KeV) withmax.(3)
a half-life of 12.26 years, 7 and only after the development of liquid 
scintillation counting^ did its analysis become a routine matter* The 
essentials of liquid scintillation counting have been concisely described 
by Birks.^ The method consists of dissolving the radioactive sample in 
a solution comprising a scintillation solvent and solute. In the 
scintillation process the energy of an ionising particle is converted 
into light energy with wavelengths that can be detected by a 
photomultiplier tube assembly. Tbe solvent (normally an alkylbenzene 
such as toluene) absorbs th6 ehergy of the ionising particle and transfers 
it to the solute (a fluorescent aromatic compound such as 2,5- 
diphenyloxazole (PPO)). The fluorescence of the excited solute molecule 
represents the scintillation emission of the binary solution. The 
wavelength distribution of the scintillation emission should be closely 
matched to the response of the cathode of the photomultiplier tube. If 
this is not the case a secondary solute such as l,4-bis-(5- 
phenyloxazol-2-yl) benzene, (POPOP), may be used to shift the spectrum 
to more favourable wavelengths. Specimens in aqueous solution may be 
counted in toluene-based scintillators diluted with up to 20$ methanol 
but a more efficient water-miscible solvent is 1,4-dioxan containing
(u»
50 gms/litre naphthalene and 7 gms/litre PPO, plus, if necessary,
0*05 gms/litre P0P0P* A commercially available scintillator of this 
type is N.E.250 (supplied by Nuclear Enterprises Ltd#)*
The assay of radioactive samples in the present studies was 
carried out on a Beckmann L*S*100 liquid scintillation spectrometer*
The instrument is a solid-state, ambient-temperature system* The 
scintillator is viewed with two photomultiplier tubes operating in 
coincidence to reduce background counts due to thermionic electrons 
emitted by the photocathode. The coincidence technique ensures that 
only simultaneous pulses, occurring in both photomultipliers within 
a certain coincidence resolving time, are recorded* The electronic 
pulses from the anode of the photomultiplier are fed to electronic 
circuits for amplification, pulse-amplitude analysis, data processing and 
recording in the form of a print-out of the observed counts per minute 
(c*p*m*). The counting efficiency* E, is given by the observed c.p.m* 
divided by the disintegrations per minute (d*p.m.) in the sample being 
counted* The tritium efficiency, E^,* fbr the Beckmann instrument is>57$* 
For any counting system the conditions under which the period of 
counting for a given statistical deviation is a minimum correspond to the 
optimum value* If c is the counting rate due to radioactive 
disintigrations in the sample, and b is the background rate, the minimum 
time, t, required to determine c to a root mean square error of x$ may 
be shown to be
2
The optimum conditions are those which give a maximum value of c /b*
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1. INTRODUCTION
1*1 Definition of Acidity
The ionization of a neutral molecule AH may be written as
Mi ^  A + H+ (1*3-)
According to the Br/nsted definition AH, in losing a proton, is behaving 
as an acid in the forward reaction and A~, in accepting a proton, is 
behaving as a base in the backward reaction# The equilibrium (l.a) 
represents the intrinsic acidity of the acid but in aqueous media the
thermodynamic acidity constant, Ka, is defined from the equilibrium
(l.h) k
1
AH •+ H20 ^  A- + H30 (l.b)
2
where
Ka = V- Xo+/aitH = CA~] CH30+] V. fH,0+ (1,o)
pH] ' — j--
AH
a?s are activities, f?s activity coefficients on the molar concentration
scale, and [] denotes concentration* q being constant is incorporated
2
into Ka. When a medium other than water is employed as the solvent system
then the acidity constant in the medium is related to the thermodynamic
acidity constant by
Ka(H20) =Ka(S)[fA-. fH (l.d)
3
The activity coefficients refer to the solvent S and are relative to a 
standard state in water and as such are related to the free energy 
difference between one mole of the species in its standard state in water 
and its standard state in solvent S. Any free energy difference will 
arise in the main from differing solvent basicities as well as changes 
in electrostatic and hydrogen-bonding effects.
The knowledge of acidities is of importance with regard to the 
information that can be gained concerning the transition state structure 
in the proton transfer reaction. In particular in equation (l.b), Ka
(14)
when Ka and are known.
The knowledge of the corresponding enthalpy parameters, AH and AHj^
allows determination of Ak J^ . The relative values of AH,*t A r ^ and the
« JL 2
corresponding value of AH are determining factors of transition state 
symmetry.
1.2 Current Methods of pKa Determination for Carbon Acids
Current methods for determining the acidities of carbon acids have 
recently been reviewed^ and will only be briefly described here.
Of these the competitive method has been widely used and is based on 
measuring the equilibrium constant for a reaction
AY + A*X + A*Y (l.e)
The relative pKa*s of a series of carbon acids can be calculated from 
equation (l.f).
pKa - pKa» = log10 [A'X]/(VY] - log10 [AX]/[>kY] (l.f)
In the method due to Conant and Wheland^ and also McEwen^^
Y=fl and X=3fa or K, and the equilibrium (l.e) was studied in ether.
(4)
Applequist and OtBrienx 7 later studied a halogen-metal interchange
(5)
reaction where Y=I and X=metal and Salinger and Dessyv 7 made a similar
study of the equilibrium when Y=Mg and X=Hg. Recent work by Streitweiser
and c o - w o r k e r s ^ )  in cyclohexylamine media involves the study of the case
where Y=H and X=Li or Cs. Similar work utilising a suspension of sodium
(7)
amide in liquid ammonia has been reported by Birchall and Jollyv 7 who
used n.m.r. spectroscopy rather than the conventional spectrophotometric
method to determine anion and acid concentrations.
All the described competititve methods require a known pKa value for
one of the acids studied in order to determine absolute pKa values*
Furthermore the contribution from ion association in the media used
(8)is usually neglected. Shatenshtdn and co-workers' 7 have recently
is given by k^/k^ allowing determination of k«
(15)
demonstrated the importance of ion association in competitive metallation
studies in ether solutions, both the cation and solvent being varied.
Depending on the degree of solvation of the cation, the values of the
concentration equilibrium constants for the hydrocarbons studied vary
within broad limits.
In an optical study of the ionization of weak carbon acids in highly
(9)
basic media composed of potassium amide in liquid ammonia v 7 ion-pair
formation between potassium ions and both the amide ion and the carbanion
was measured by a conductiometric technique and consequently allowed for
in the determination of the pKa values.
Electrometric methods have been extensively used for determining the
pKa?s of relatively acidic carbon acids (pKa^4-10), particularly by
Pearson^"^ and by Long^^ who measured the pH of partially neutralised
(12)
solutions of the acids. Ritchie'* * has determined pKa values as high as 
28 by potentiometric titration of various acids with dinisylcaesium in 
dimethylsulphoxide using the glass electrode which functions reversibly
(13)
even in such highly basic media. Breslowv has demonstrated that the 
various thermodynamic parameters in the sequence
A-H JU A+ A. k - (l.g)
may be obtained or deduced to determine an acidity constant for AH, 
steps 3 and 4 involving the determination of the half-wave potentials 
for the successive addition of two electrons. The method was applied
(3)
to triphenylmethane to utilise its known pKa'* 1 in order to obtain
pKa values for other compounds. Reutcv^^ has proposed that the affinity 
_ o+
of the anion A for Hg determines the rate of electrochemical reduction 
of the corresponding symmetrical organomercury compound
A2Hg + 2e~— >2A~ + Hg (l.h)
For acids, AH, of known pKa, the half-wave potential for reaction (l.h)
(16)
can be related to the pKa and thus it is possible to estimate pKa values
of other carbon acids via the derived relationship*
(15)The acidity functionv approach to the determination of pKa values
has been extensively described.Rearrangement of equation (l*c) gives 
logfo /C^H] = log1()Ka - l°g10(fA- (1*1)
For a structurally similar acid a ’K, of slightly different strength, 
the same equation holds and thus
P %  - PKa ,h = log10 - Iog10 +
f* f _ (l*j)
log-1 n AH A* _
xu f/ luf “A H  A
Consequently, when setting up an acidity function scale, where H__ = -logy^ 
f - aK+A * .or when simply determining the pKa of a compound not used in 
fAH
setting up the scale, then, providing the last term in equation (l*j)
is zero the unknown pKa may be determined* Only When the acidity function
utilised is adequately linked to the pH region Are the determined pKa*s
likely to be true thermodynamic values* iinion/acid ratios are
conventionally determined by spectrophotometric means*
Kinetic methods may be used to determine acidity if it is possible
to measure the rate of ionization and assume that the reverse step, anion
(17)recombination, is diffusion controlled* Such a treatment was used by
(18)
Jones and Stewartv ' who determined a pKa value of 32 to 33 for
dimethylsulphoxide by measuring the rate of detritiation of
dimethylsulphoxide by hydroxide ion in water and assuming a reverse rate
of 10^ 1. moles"'*' sec~\ For hydroxide-catalysed reactions where the
rate of recombination is no longer diffusion controlled it should be
possible to study the rates of ionization due to weaker bases, such as
water, since the tritium-tracer technique in particular allows very
(19)slow reaction rates to be measured* 7
(17)
For carbon acids where both the acidity constant and water-catalysed
ionization rates are known the data has been summarized by P ears on
and later by Jones^^ who found that a logk versus pKa plot forms a
curve, the slope of which increases with decreasing strength, thus
suggesting an indirect means of determining the pKa values of compounds
where the water-catalysed ionization rates are known*
(21)Arnett' 7 has discussed the possible relationship between acidity
and basicity of compounds which suggests a similar indirect method of pKa
(22)determination. Moreover, a method due to Fischer and Rewicki' implies
a relationship between the pKa and the change in n-bond energy derived
from Huckel molecular orbital calculations for aromatic hydrocarbon acids
(22)forming planar anions. Such a relationship has been found in practice.'
The fact that n.m.r. spectroscopy provides a probe of the electron
density in the vicinity of a proton or group of protons also provides a
method^^ for the estimation of the acidity of weak carbon acids.
Of the remaining methods for determining acidities, that due to 
(24)Whelandv 7 is precise when there is a shift in the spectropho tome trie
( 25)absorption maximum on ionization. A method developed by Long' 7 is 
suitable for uncharged acids having pKa!s in the range 10-15 and a distribut- 
ion method has been used to determine the pKa of fluoradene. 7
1.3 Current State of the Topic
Although the numerous methods for pKa determination for carbon 
acids exist the available data is not extensive. Moreover, most 
acidities have been determined using spectrophotometric techniques and 
by the acidity function approach, many of the other methods containing 
inherent restrictions on the range of pKa values and type of compounds 
studied. The spectrophotometric technique requires clearly defined 
spectral differences between the anion and acid forms to enable anion/acid
ratios to be calculated and moreover in many cases extrapolation ' 
are required to allow for medium effects on the spectra. Clearly 
additional methods for pKa determination would be desirable.
1.4 Objects and Outline of the Present Work
The object of the present work was to determine the pKa values of
a series of acetophenones. Initial qualitative observations showed that
although spectral shifts to higher wavelengths in the ultraviolet
absorption occur for formation of the anions of acetophenones,
extinction coefficients for the anion absorption are relatively low.
Moreover, for the low concentrations of carbon acids used in the
conventional spectrophotometric method, rigorous exclusion of oxygen in
( 28)the highly basic media utilised is normally necessary^ J and this is
( 29)indeed the case for acetophenones*. 1 Consequently, we devised a new 
kinetic method for the determination of pKa values for weak carbon acids. 
Highly basic media, in which weak acids will ionize, can be prepared
(15)
in a variety of ways. Concentrated solutions of alkali-metal hydroxides 
in water, or alkoxides in alcohols can be used* However, relatively 
dilute solutions of hydioxide or alkoxide ion in water or alcohol 
respectively, can, by the addition of a dipolar aprotic solvent such as 
dimethylsulphoxide, produce highly basic media. The high basicity of 
such media is derived in the main from a decrease in solvation of the 
hydroxide or alkoxide ion on the addition of the dipolar aprotic solvent. 
Thus when, for example, dimethylsulphoxide is added to a 0.01IM solution 
of tetramethylammonium hydroxide in water, the H_ value of the medium 
gradually increases from 12 in purely aqueous conditions to 26 in 99.5 mole 
per cent dimethylsulphoxide.^^ Such a solution containing relatively 
low concentrations of base, is necessary in the application of our 
kinetic method for pKa determination.
The kinetic method involved determining the rate of detritiation of
a carbon acid in a basic medium where the carbon acid was substantially
unionized; the determined rate being related to the H_ of the medium 
Tby log^k QC H_. The rate of detri tiation wasthen measured in the presence
of a known amount of a second more acidic carbon acid which ionized in
the basic medium with a subsequent decrease in the hydroxide ion
concentration and a corresponding decrease in rate. Assuming a constancy
of the second order rate constant for detritiation for a fixed mole
(31)percentage of dimethylsulphoxidev 7 and no observable catalysis of the
detritiation reaction by the formed anion of the more acidic carbon acid,
the amount of acid and anion forms of the latter may be simply calculated.
The K__ value at which equilibrium is established is the value corresponding
to the observed rate, in the presence of the ionised carbon acid, taken
from a plot of the rate of detritiation (or logarithm of the rate), in
the absence of the carbon acid, versus H__, The mathematical details of
the method are given in section 2,1 and a typical calculation is given
in section 3*1 (fig, 1*2 and table 1*1),
Since the pKa values of the acetophenones under investigation were
f 32)thought to be in the region of 20v , 9-t-butylfluorene-T was used
{ 28)as the tritiated substrate since this compound has a reported^ * pKa 
of 23,4 and should therefore give easily accessible rates of detritiation 
over the range of H__ values used.
The method was also used to determine the pKa of fluorene. This 
provided a check on the reliability of the method since the pKa for 
fluorene is known,^
(20)
2. EXPERIMENTAL
2,1 Theory
The rate determining step in the detritiation of 9-t-butylfluorene
(33)is the abstraction of the triton by hydroxide ionv 7 and the rate
expression takes the form
Rate =-dfR-T] = kL,-[R-T] [0H~] = kT[R-T] (l.k)
T dt
where k is the pseudo first order rate constant for detritiation.
Equation (l.k) integrates to
InPft-TJp _ ^ T t + c _ t + c (1*1)
ER-T]t
[R-T] may be incorporated into the integration constant. Results are 
obtained in the form of counts per minute (c,p,m.) variation with time, 
the c»p,m. being directly proportional to the radioactivity remaining in 
the ketone. Thus for first order kinetics a plot of log^Q (c*p*m.)t 
versus time (t) gives a straight line, the slope of which is related to
kJL,- = -slope x. 2.303 (l.m)
m  [OHl
Comparing the pseudo first order rate constants in the presence
T T( *k ) and in the absence (k ) of the carbon acid of unknown pKa allows
the determination of the concentration of hydroxide ion remaining (* £0*0)
Ton ionization of the carbon acid, assuming a constant k^-, thus
'[0H~] = M £ x [ a O  (l»n)
kT
where COH~] is the concentration of hydroxide ion in the absence of 
added carbon acid (AH). Thus
'CAT = [OHl - (l.o)
and
’[AH} = [AH] - *[A-3 (l.p)
where CahQ is the known total concentration of carbon acid added to the
(21)
solution* Therefore as
'H_ = pK^ - log10(' [A-y'CAH]) (l.q)
the value may be determined knowing which is the H_ value 
corresponding to the rate in the presence of ionized carbon acid.
2.2 Materials
The acetophenones and the fluorene used were obtained commercially,
solids being purified by recrystallisation from ethanoi/water and liquids
by distillation under reduced pressure. When the distilled liquids
still contained traces of impurity shown by gas-liquid chromatography this
latter technique was used on a preparative scale to further purify the
liquids. Thus for para-chloro and para-methyl acetophenone and
acetophenone itself g.l.c; purification was performed on a Varian Autoprep.
705 containing a 10 foot column comprising 10% bentone 34/10% Silicone on
72-85 mesh Celite operated at a temperature of 160-180°C.
Melting-points and boiling-points of the purified ketones were in
(34)good agreement with reported values. 7
The 9-t-butylfluorene was kinily given to us by Dr. A.F. Cockerill.
Its tritium-labelled form was prepared by reacting for 48 hours at 85°C,
0.5 gnu of the compound, 0.01 ml. tritiated water (specific activity 
5c/ml), 1 pellet of sodium hydroxide and sufficient A.R. dioxan to make 
the mixture above the excess solid sodium hydroxide homogeneous.
Reagent grade dimethylsulphoxide was purified by distillation under 
reduced pressure in the presence of nitrogen and stored over 4a molecular 
sieves. Gas-liquid chromatographic analysis showed less than 0.1 wt % water.
Stock tetramethylammonium hydroxide solutions (approximately 0.5 to 
0.6M) were prepared by addition of the solid pentahydrate (supplied by 
K. and K. Labs. Inc.) to water. Fresh solutions were prepared 
fortnightly, the solutions being standardised using A.R. potassium
(22)
hydrogen phthalate. The H_ media comprising dimethylsulphoxide, water 
and stock tetramethylammonium hydroxide were made up by weight, the 
hydroxide solution being added to give 0.011M in hydroxide.
Doubly deionized, freshly boiled-out water was used throughout.
2.3 Procedure
Details of the use of the liquid scintillation method in the 
analysis of tritium content have been set out in the general introduction 
p. 8.
The detritiation technique is essentially that described by Jones 
and involves following the decrease in radioactivity of the tritiated 
substrate with time.
Initial investigations indicated that even for the relatively high 
concentrations of carbon acid (0.01 to 0.003 molar) used in the work, a 
side reaction occurred to an unacceptable extent during the course of 
the detritiation experiment. To prevent the side reaction, which was 
apparently due to traces of oxygen in the reaction solution vigorous 
degassing of the solution was required. Consequently the reaction cell 
shown in figure 1.1 was designed.
In a typical run, in the presence of carbon acid, the latter was 
weighed, to five decimal places, into a small vial which was then placed 
into tube B along with a trace of a dimethylsulphoxide solution of 
9-t-butylfluorene-T• Approximately 7 mis. of the H_ medium were weighed 
into tube A and the cell assembled as shown. At C rubber pressure tubing 
was attached to supply nitrogen which was purified by passage over 
B.A.S.F. R3-11 catalyst to remove any traces of oxygen and then anhydrous 
magnesium perchlorate to remove any traces of water. The cell could be 
evacuated via outlet D. Appropriate manipulation of taps E and F allowed 
nitrogen-flushing of the cell. The cell contents were then frozen by
I" I <0.1.1. THE REACTION CELL
 rtf './
tears---------
fo r  spring 
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placing the -whole of the cell below tap E into liquid nitrogen for
approximately 20 seconds. The cell was evacuated, tap F closed, and
the contents allowed to melt with consequent degassing. The degassing
procedure was repeated a second time and the cell arranged with parts A
and B equilibrating at 25 + 0,05°C in a thermostated water bath. After
equilibration the cell was inverted and shaken to allow mixing of the
carbon acid, tritiated substrate and H_ medium. A slight positive
pressure of nitrogen was then put into the inverted cell and a u.v.
microcell (supplied by Research and Industrial Instruments Co*) with
a 0,1 mm path length and Luer inlet socket attached at Luer-fitting
joint D. Tap F was then opened to fill the cell, and then closed prior
to the removal of the u*v* microcell. The u.v. spectra of the solution
was repeatedly scanned over the time period of the detritiation experiment
on a S.P. 1800 or S.P. 800 instrument. In the vast majority of runs very
little u.v. spectral changes were observed during the course of the run*
After removal of the u.v. cell the reaction cell was returned to the
upright position with the reaction solution in tube A. Tap E was then
opened and the cell divided at joint 0 and the contents of A re-equilibrated
in the water-bath with a substantial flow of nitrogen, through tap E,
over the solution. 0.5 ml. aliquots were withdrawn at appropriate time
intervals and the reaction quenched by introduction of the aliquots into
separating tubes containing 10 mis of water under 10 mis of scintillator
solution [ 2,5-diphenyloxazole (3.5 gms per litre) in sulphur-free toluene].
After shakihg and allowing the layers to separate, the toluene layer was
pipetted off and dried by shaking with anhydrous sodium sulphate* 5 mis
40of the dried solution were then introduced into counting vials of low K 
content, counting being performed on the Beckmann L.S.100 counter described 
earlier (p. 9 )• Thus the decrease with time in the tritium content of the
(25)
labelled compound was determined* A plot of log£g(c*p*m*)t versus time 
for quenching of the aliquot allowed determination of the rate constant 
for detritiation. Runs in the absence of added carbon acid were 
performed in a like manner* Reactions were usually followed to at least 
80% completion* No departures from first order kinetics were observed 
and rate constants were reproducable to ±3%*
(26)
3. RESULTS 
3*1 Summary
A typical pKa determination is presented (figure 1.2 and table 1.1)*
In table 1.2 which lists observed rates, concentration data, pKa 
and H_ values, the latter values are those due to Dolman and Stewart 
and the nomenclature system for rates and values is as laid down 
in section 2.1.
Table 1.3 summarises the pKa data and lists the logarithms of the 
corresponding hydroxide catalysed deprotonation ratesl'*^ Figure 1.3 
shows a plot of the logarithm of the observed rate of detritiation of 
9-t-butylfluorene, in the absence of added carbon acid, versus H_.
(27)
TABLE 1,1
A TYPICAL pKa CALCULATION FOR PaKA-METHOXYaCETOPHENONE 
* 21*93 Temperature = 25*0+0*05°C
Detritiation of 9-t-butylfluorene:- experimental data
(2) in absence of
p ara-methoxyacetophenone
(I) in presence of
para-methoxyacetophenone
Time,
rains.
t,
secs.
-3c.p.m.xlO -3+log1()c*p*m.
Time
mins
»
•secs* c.p.m.xlO”^
-3+log10c.p.m.
1 54 93.4 1.970 2 41 323.3 2.508
3 22 63.0 1.799 3 21 289.3 2.461
4 02 56.4 1.751 4 18 238.8 2.378
5 05 42.0 1.623 5 11 196.6 2.294
6 05 31*7 1.501 6 18 157.4 2.197
7 09 24*6 1.391 7 20 122.2 2.087
7 56 20.7 1.316 8. 33 101.6 2.007
8 45 17.4 1.240 9 35 84.2 1.925
9 36 14.5 1.161 11 05 66.9 1.825
10 31
I.. I.
12.1 1.083
The above data is plotted in figure li2 from which
*k^  = 32.8xl0~^sec~^ and = 42.2xl0~^sec~^
TFrom figure 1*3 the equilibrium*H_ corresponding to rk =
-4 -132*8x10 sec is 21.79*.
Now [0H~] = 0*01109 moles per litre
Therefore *[0H~] = 32.8 x 0.01109
42.2
and
*CA~] = 0.01109 - 32*8 x 0.1109
42.2
= 0.00246 moles per litre
Since [para-methoxyacetophenone] = 0*00654 moles per litre
then *DiH] = 0,00654-*DT]
= 0.00654-0.00246 = 0.00408 moles per litre.
Now *H_ =  ^T^ A"^  / ^
Thus pK^j = 21.79 + 0.22
=  22.01
3 
t
10
9ic
£c.
p.m
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TABLE 1*2
DETRITIATION RaTES AT 25°C aND CON CMTRaTION DATA WITH
CORRESPONDING CALCULATED pKa VaLUES 
T -1
k in sec is the rate in the absence of carbon acid 
T -1'k in sec is the rate in the presence of carbon acid 
Concentrations are in moles per litre 
The errors quoted are standard deviations
a* Fluorene
H__ 104kT *H_ 104‘kT 102[0H~] 10^[Anion] 10^[Free Acid] pKa
21.90 38.6 21.22 12.5 1.12 7.58 2.28 20.7
?? It 21.20 12.0 1U2 7.72 2.68 20.7
tt It 21.18 11.6 1*12 7.85 1.65 20.5
21.70 27.7 21.18 11.5 1.12 6.54 3i25 20.9
tt it 21.16 11.3 1.12 6i63 3.17 20.8
it it 21.15 11.1 1.12 6.71 2.63 20*8
21.37 15.9 20.93 7.51 1.12 2.35 6.45 21.4
21.25 13.2 21.00 8.51 1.113 3.94 5.50 21.1
?! tt 20.98 8.44 1.113 4.00 6.00 21.2
20.85 6.38 20.76 5.65 1.12 1*28 8i72 21.5
it it 20.74 5.44 1.12 1.65 9.75 21.5
it it 20;71 5.19 1.12 2.09 7.18 21.3
Mean pKa = 21.040.3
b. oara-DimethvlaminoacetODhenone
H_ 104kT *H_
4* T 
104 k io2[oh~]
3
10 [Anion] 10^[Free Acid] pKa
22.65 146 22.49 110 1.107 2.76 1.84 22.3
it It 22.48 108 1.107 2.91 1.68 22.2
it It 22.45 104 1.107 3.23 2.51 22.3
22.56 110 22.39 94.5 1.095 1.52 6.46 23.0
it It 22.38 92.1 1.095 1.75 5.19 22.9
tt It 22.41 96.1 1.095 1.36 7.18 23.1
tt It 22.40 94.6 1.095 1.51 5.63 23.0
it tt 22.38 91.2 1.095 1.85 5.95 22.9
Continued ....
(30)
b. para-Dimethvlaminoacetophenone (continued)
H__ 104kT
4* t
104 k 102[GH“] lO'* [Anion ] lo\ Fr oe i*.cid] pKa
22.5 112 22.34 85.6 1.111 2.63 3.93 22.5
tt t 1 22.34 86.6 1.111 2.53 3.09 22.3
22.10 60.6 22.02 49.5 1.084 1.99 3.32 22.2
21.85 37.3 21.83 35.3 1.082 0.60 4.84 22.7
21.46 19.5 21.45 18.9 1.108 0.35 5.77 22.7
Mean pKa = 22.6+0.3
c. para-Methoxvacetophenone
104kT
4* t
104 k 102[0H“3 10^[Anion] 10^[Free Acid] pKa
22.05 51.9 21.92 41.1 1.109 2.31 2.45 22.0
tt tt 21.88 38.0 1.109 2.97 5.73 22.1
21.95 43.6 21.83 35.6 1.111 2*05 5.06 22.2
21.93 42.2 21.79 32.8 Iil09 2*46 4^08 22.0
tt tt 21.80 34.0 1.109 2.15 2.62 21.9
tt tt 21.78 32.4 1.109 2.58 5.09 22.1
Mean pKa = 22.1+0*1
d. para-t-Butvlacetophenone
H__ ioV 4* T 104 k io2[oh~] 10^ [Anion] lO^[Free Acid] pKa
22.50 108 22.33 83.1 1.107 2.57 1.99 22.2
tt tt 22.26 73.8 1.107 3.52 1.63 21.9
22.37 87.8 22.17 64.1 1.111 3.00 2.75 22.1
tt tt 22.14 60.8 1.111 3.42 4.19 22.2
tt tt 22.20 66.3 1.111 2.72 3.17 22.3
22.02 50.2 21.82 35.1 1.119 3.36 4.22 21.9
tt tt 21.86 37.5 1.119 2.82 3.89 22.0
tt tt 21.77 31.5 1.119 4.17 3.63 21.7
tt tt 21.80 34.0 1.119 3.60 4.76 21.9
tt tt 21.80 33.7 1.119 3.69 4.19 21.9
Mean pKa = 22.0+0.2
(31)
e. Dara-Methiacetoehenone 
A T 4* TH__ 10 V  m _  10 k 10^[0H ! 10^[ Anion! 10 \  Free Add! pKa
22.05 51.9 21.76 31.5 1.109 4.35 3.83 21.8
?! ?? 21.83 35.7 1.109 3.46 3;21 21.9
21.95 43.7 21.75 31.0 1.111 3.22 3.29 21.8
?! ?! 21.75 30.7 1.111 3.29 4.61 21.9
21.93 42.2 21; 72 29.2 1.109 3.41 4.01 21.6
f. Acetonhenone
4 T 10 k \i_ 4 1 T 10* k
Mean pKa 
lO^COH 3 10^[anion!
= 21.8+0.1 
lO^Free Acid! pKa
22.30 79i5 21.87 37.9 1.13 5.92 1.79 21.4
?? ?! 21.85 37.1 1.13 6.03 2.55 21.5
21.97 45.0 2l;67 27il 1.10 4.37 2.27 21.4
?! ?! 21.73 29.9 1.10 3.70 1.32 21.3
?? ?? 21.63 24.9 1*10 4.91 3.36 21.5
?? ?! 21.77 32.6 1*10 3.04 0.84 21.2
?! ?? 21.60 23.7 1.10 5.22 3.47 21.4
21.85 37.3 21.58 23.0 1.082 4.15 4.74 21.6
21.84 35.9 21.56 22.2 1.113 4.25 5.81 21.7
?? ?? 21.77 31.8 1.113 1.26 1.86 21.9
?! ?! 21.72 29.2 1.113 2.07 4.33 22.0
21.69 27.9 21.58 22.9 1.109 2.00 1.80 21.5
?? ?? 21.39 16.6 1.109 4.49 2.31 21.1
?! ?? 21.36 15.7 1.109 4.84 5.67 21.4
?? ?! 21.54 21.4 1.109 2.58 1.21 21.2
21.45 18.8 21.33 15.0 1.108 2.26 2.89 21.4
?! ?! 21.23 12.7 1.108 3.58 4.99 21.4
?! !? 21.28 13.8 1.108 2.96 2.82 21.3
21.25 13.5 21.12 10.5 1.12 2.53 4.47 21.4
?! ?! 21.14 10.8 1.12 2.26 4.67 21.5
21.06 9.33 20.95 7.85 1.099 1.74 6.61 21.5
20.63 4.86 20.62 4.46 1.099 0.90 6.96 21.5
?? ?? 20.59 4.24 1.099 1.40 6.58 21.3
Mean pKa = 21 •540.2
(32)
g. para-Chloroacetophenone
4 T10V 4» T104 k 102[OH~] 10^[ Anion] 10'*£Free Acid] pKa
20.94 7.90 20.67 4.80 1 .1 1 1 4.36 3.56 20.6
tt tt 20.73 5.30 1.111 3.66 2.52 20.6
20.52 4.79 20.41 3.07 1.089 3.91 3.71 20.4
tt tt 20.45 3.31 1.089 3.37 3.45 20.4
tt tt 20.44 3.26 1.089 3.48 3.89 20.5
Mean pKa = 20.5+0.1
h. nara-Bromoacetonhenone
104kT 4' T 104 kL io2[ohT 10^ [ Anion] lO^Free Acid] pKa
20.92 7.67 20.73 5.33 1 .1 1 1 3439 2.77 20.6
tt tt 20.78 5483 liin 2.67 1.23 20.4
tt tt 20.74 5.43 liin 3.25 1.33 20.4
20.48 4.11 20.40 3.03 1.092 2.87 3.81 20.5
tt it 20.41 3.08 1.092 2.74 3.30 20.5
tt tt 20.38 2.93 1.092 3.14 3.22 20.4
tt tt 20.42 3.15 1.092 2.60 1.39 20.2
Jti. Dara-CvancacetoDhenone Mean pKa = 20.4+0.1
H_
, 4 T
10 k 4J T 104 k io2[oh~] lO^ fiinion] 10^[Free Acid] pKa
18.97 107 18.60 60.6 1.099 4.74 4.30 18.6
tt tt 18.74 71.1 1.099 3.66 3.37 18.7
tt tt 18.64 63.2 1.099 4.47 3.62 18.6
18.19 43.2 18.08 33.1 1.117 2.61 4.48 18.3
tt tt 18.03 32.6 1.117 2.76 4.70 18.3
tt tt 17.97 29.7 1.117 3.50 4.11 18.0
Mean pKa = 18.4+0.2
C*(r)--phenylmethylacetophenone-T was used as the substrate in these runs]
TABLE 1.3
PKa VALUES AND LOGARITHMS OF THE HYDROXIDE CATALYSED 
DEPROTONATION RATES FOR THE SERIES OF ACETOPHENONES
in l.m. sec.
Compound E M 1+log10k0H
para-dimethylaminoacetophenone 22.6 0.364*
para-methoxyacetophenone 22.1 0.608
para-t-butylacetophenone 22.0 0.63*
p ara-me thylac etophenon e 21.8 0.679
acetophenone 21.5 0.865
para-chloroacetophenone 20.5 1.079
para-bromoacetophenone 20.4 1.090
para-cyanoacetophenone 18.4 1*459
[^Unpublished value. J.R. Jones.
interpolated from the data of reference 32 assuming a 6” value of
0.21 for para-t-butyl. (cf. Hine, J. (1962) 5Physical Organic 
Chemistry” (McGraw and Hill) p*87).]
F I G.I.3. A PLOT OF 4+ L O G ,0kT VERSUS H_ FOR THE
DETRITIATION OF 9-t-BUTYLFLUORENE AT 25°C
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4. DISCUSSION
Examination of Table 1*2 shows that the determined pKa values can 
be quoted to +0.2 pKa units or better for the majority of the acetophenones* 
This is reasonable in the light of the +Z% accuracy of the measured 
rate constants and the accuracy of weighing small amounts of ketone to 
five decimal places which is at least +1%. The results for fluorene 
which show a little more scatter give an average value of 21*0 which is 
nevertheless in good agreement with reported values*^
In the work no observable trend in anion/acid ratios or pKa values 
with concentration of added ketone was observed implying no observable 
catalysis of the detritiation reaction by the anion of the carbon acid.
Table 1*3 summarises the pKa values determined for the acetophenones 
and lists the corresponding logarithms of the hydroxide catalysed 
deprotonation rates, the relationship between these parameters being 
illustrated in figure 1*4. The plot of figure 1*4 shows a well defined 
curve the slope of which varies between abbut 0*4 at high pKa values and 
0*2 at lower pKa values. Similar kinetic and thermodynamic acidity 
relationships have been investigated by Shatenshtein,^^ Streitweiser/^* 
33,37) Qram (^38) DesSy^(39) jones(^) since the original Pearson and 
Dillon^treatment* The work due to Cram^^ and to Streitweiser^^ 
is most relevant to our own studies* Cram presents a plot of the 
logarithm of the potassium methoxide catalysed exchange rates of a series 
of hydrocarbons versus the corresponding hydrocarbon pKa value. The results 
span a pKa range from 20 to 30 and are best correlated in the form of a 
curve with a slope of about 1 at the high pKa end and a slope of about 0*5 
at the lower pKa end. Streitweiser presents a similar plot for a series 
of hydrocarbons over a pKa range of 19 to 23 and correlates the results 
in the form of a straight line of slope 0*4. However, the plot could 
equally well take the form of a curve with one point corresponding to
1
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1,2-benzofluorene deviating from the line*
If in the reported and present work the exchange reactions are 
considered as rate-determining protonations of base, catalysed by the 
carbon acid then the slope of the logarithm rate/pKa plots may be 
regarded as a Br/nsted acoefficient* The relationship of <X to 
transition state symmetry is analogous to the relationship between 
the complementary Br/nsted 3 coefficient and transition state symmetry 
which is discussed in detail in part 2* (pages48 to 5 0 The oc coefficient 
should have the limits 1 and 0 corresponding to an anion-like transition 
state and an acid-like transition state respectively. The slopes of 0.4 
to 0*2 in the present results Would imply a transition state in which the 
proton is closer to the acid anion than to the hydroxide ion which
(32)
contradicts the earlier suggestions of Jones* ' However, the present
results may in fact be somewhat distorted towards lower <x values by a
difference between the activity coefficient variation for the carbon acids
and for the nitrogen acids used in setting up the H__ scale, at least for
more dilute dimethylsulphoxide regions*
It has been shown that different structural classes of weak acids
have different acidity function behaviours in water/dimethylsulphoxide
solutions.This point is emphasized further by comparison of the
differences, ApKa, between pKa values in water and pKa values in
dimethylsulphoxide for structurally dissimilar weak acids. Furthermore,
the differentiating action of dimethylsulphoxide on the strength of
benzoic acids, expressed in terms of the Hammett^ constant, has been
shown to be some three times greater than the differentiating action of
water (viz.p D.M.S.O./^ ^  q = 3*1) Clearly only when the correlation
2
of the logarithm of the indicator ratio with the particular acidity 
function utilised is linear with unit slope, and when the H__ scale is 
correctly referred to the standard state of water, will reliable pKa values,
(38)
referred to water, be obtained.
Likewise it should also be noted that the hydroxide catalysed rates
of deprotonation used in the plot in figure 1.4 refer to purely aqueous
media and not to aqueous dimethylsulphoxide where the equilibrium
measurements have been made. The deprotonation rates in the H__ region
where ionization occurs would be too fast to follow by conventional
kinetic methods. However, it would be expected that the slopes of the
logarithm of the rate versus H_ plots would depend on the substituent
(43)present in the phenyl ring. Consequently the relative values of the 
deprotonation rates in the H__ region where ionization occurs could differ 
considerably from the relative values in purely aqueous media.
(39)
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1. INTRODUCTION
1*1 Theory of Kinetic Hydrogen Isotope Effects
The theory of kinetic isotope effects, based on absolute reaction 
rate theory, provides a sophisticated and powerful tool for the 
detailed study of transition state structure* Thus isotope rate effects, 
normally utilised in a relatively qualitative-manner for mechanism 
elucidation, can, particularly when observed for well-characterised 
reactions, provide a requisite test not only of kinetic isotope 
theory but also of absolute reaction rate theory upon which it is based* 
The absolute reaction rate theory assumes that the reactants come 
together to form a transition state located at the top of the energy 
barrier to reaction and in equilibrium with the reactants* The 
transition state is considered as a separate chemical species 
differing from ordinary molecules in that one of its vibrational motions 
has been replaced by an internal translational motion*
The variation of the potential energy surface along which reaction 
occurs for the case
AH + B — * Fa H B1*-}a + HB
-  -  r
may be represented by figure 2.1. The potential energy curve for the
same reaction involving exchange of tritium (and deuterium) are very
similar since the electronic distributions for the bonds involving any
of the three isotopes are, to a good approximation, identical* The total
energy of a molecule can be expressed by
E = E, -i + E + E +E-. .transl* rotn. vibn. elect*
The Ee^ ec<t terms for AH and AT (and AD) are very similar and since
E is much greater than E. , and E . the main contribution tovibn. & transl* rotn.
the kinetic isotope effect arises from the differences in the zero-point 
vibrational energies of the reactants and transition states. As the 
stretching and bending vibrational modes are normal to one another it is
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unlikely that the total energy contained in both motions vould be lost 
in forming the transition state* Bigeleisen^ has however calculated 
the maximum isotope effect values to be expected under such circumstances 
for hydrogen and other isotopes (Table 2*1)* a  more realistic estimate 
of the isotope effects assumes a loss of only a stretching vibration 
in the transition state so that 
hAEq = #i(V*aT “ VaT 
where and are the stretching frequencies of aH and AT, and 
V*aH'V + AT corresponding terms in the transition state* For the case 
where all the energy of stretching is lost in the formation of the 
transition state becoming a translational energy then
Since for harmonic oscillation^ the vibrational frequency is given
by
V - 4 (5',
where K is the force constant and p. is the reduced mass then
H^o = 51i^ h (1~3 2) 
and since for many carbon acids is approximately 2900 cnf^ then
assuming a negligible isotope effect on the pre-exponential terms Ajj and
iL, of the Arrhenius equation (see page 50)*
, /. H^c/RT l f ikj/ky = e 16
Similarly the extreme predicted value of k^ ,/k^  for the same circumstances
is approximately 7.
Prompted by observed isotope effects much smaller than the
(2)predicted maximum value Westheimerv } first put forward a model which 
not only accounted for small isotope effects but also predicted a smooth 
variation in the isotope effect with the acidic or basic strength of the 
reacting species and moreover predicted a maximum value for the isotope 
effect when the free energy change in the reaction is zero viz* for
(45)
TABLE 2.1
ESTIMATED MAXIMUM RATIOS IN SPECIFIC RATE CONSTANTS
AT 25&C
STABLE ISOTOPE TRACER ISOTOPE RATIO of RATE constants
i
H2 18.0
H1 H3 60.0
c12 c13 1.25
c12 c14 1.50
N14 N16 1.25
o16 o18 1.19
P31 P32 1*02
s32 s35 1.05
•127 J131 1.02
(46)
a symmetrical transition state# In a symmetrical transition state the
force constants for the binding of the proton to A and B are equal.
Consequently the symmetrical stretching vibration of the transition
state has a frequency independent of the isotopic mass and its zero-
point energy contributes nothing to reducing the magnitude of the
kinetic isotope effect (Fig# 2.2)# The treatment of Westheimer, and
(3 4 5)subsequent more quantitative treatments' 9 3 * are based on the linear
three-centre model A H— B and consider only the stretching
vibrations for which the potential energy, V, is given by
2AV* 15.Ari4H+k2ArBH+2k12 
where and are stretching force constants and k-j^  331 interaction
force constant, r^ and rfi^  are the equilibrium internuoleardistances
and A represents the departure from the equilibrium situation# In all
the treatments the force constants are disposable parameters and as such
have not been related to properties of the initial or final states,
(6 7)either observed or calculated# Extended treatments by More 0*Ferrall 9
consider four or five centre models with both linear and non-linear
transition states allowing inclusion of the bending vibrations of the
initial and transition states; force constants in the transition state
being correlated in a somewhat arbitrary fashion with those of the
initial state through bond orders and bond lengths. In these treatments
bond orders are disposable parameters and consequently cannot be
related to experimental values of acid-base strengths, activation
energies and the like# Several electrostatic models have been
p r o p o s e d ^ ® * O f  these the most recent and most sophisticated 
(U)is due to Bell' • This treatment, essentially a modified and 
extended Bader treatment^ , takes account of contributions from 
quantum-mechanical penetration of the energy barrier to reaction,
i.e. tunnelling. The concepts of tunnelling in proton-transfer reactions
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and the kinetic consequences thereof have been recently reviewed by 
(12)Caldin'" *. Essentially, because of its low mass the wavelength 
associated with the proton is comparable to the width of the energy 
barrier for proton transfer reactions and consequently a quantum - 
mechanical treatment predicts a finite probability of systems attaining 
less energy than the barrier height appearing on the other side of the 
barrier. Because of the relatively greater masses involve^ deuteron 
and triton tunnelling is far less likely. Bell’s recent electrostatic 
model comprises in essence a proton (or deuteron) moving within the 
field of two rigid spherical electron distributions represented by 
Slater atomic orbitals and surrounding the two nuclei. The properties 
of the initial, final and transition states for the reaction^
_ + 6_ . _ 6_ -j-
A H  + B — I a + B H 
are calculated for various 6 values. The real and imaginary frequencies 
derived (for both stretching and bending modes) are used to calculate 
hydrogen isotope effects as a function of 6 and hence of the energy change 
in the reaction. It is shown that only when a correction is made for 
tunnelling is a variable and indeed maximum isotope effect predicted.
1.2 Variation of the Br/6nsted B with Transition State Symmetry
A useful guide in visualizing transition state structural models is 
due to Leffler^'**'^. The Leffler approximation states that the 
transition state bears the “greater resemblance to the less stable of 
the species (reactants or products) of a chemical equilibrium*1.
Similar ideas put forward by other authors(-*-5,16) iea(j to like 
conclusions, and it is now current practice to envisage a product-like 
transition state in “uphill1* reactions and a reactant-like transition 
state in “downhill** reactions^^ (see Fig. 2.2). For the particular case 
AH + B A“ + BH+ (2.a)
a symmetrical transition state will be expected when
(.49)
ApK = pK^ - pKgjj+ = 0 (2.b)
viz. when the strengths of the base B and anion A~ are the same. For 
"uphill*1 reactions ApK will be positive and for "downhill" reactions 
ApK will be negative.
The somewhat empirical mathematical "proof" offered by Leffler for 
the above qualitative ideas follows a derivation common to most free- 
energy relationships viz:-
Ag*= aAGp + (1-a) AGr (2.c)
where AGr, AGp and Ag^ are the changes in free energy of reactants, 
products and transition state for a change in an independent variable 
such as the reaction solvent or the structure of one of the reactants.
On the basis of the quoted statement above, a will have the limits of 
0 to 1. Rearrangement of equation 2*c gives
AG* - AGr =a(AGp- AGr) (2.d)
The quantities on either side of equation 2.d are related to rate 
and equilibrium constants so that
Alnk = a,AinK (2.e)
and on integration
ink = a InK + C (2.f)
For the particular reaction 2.a, when for example the strength of 
B is varied, the constant K will be the parameter indicating the strength 
of B and the constant a will be the familiar Br/nsted P component i.e. 
the equation 2.f will reduce to the case corresponding to Br/nsted 
catalysis. P , as a, will have the limits 0 to 1 and, on the basis of 
Leffler1 s ideas a |3 value of 0.5 should correspond to an approximately 
symmetrical transition state. For a sufficiently wide range of ApK 
values (equation 2.b) the symmetry of the transition state will vary 
between the limits illustrated in figure 2.2 corresponding to the 
variation of (3 between the limits of 0 and 1. However, for the relatively
(50)
small range of reaction rates accessible by classical kinetic methods, 
and consequently the range of ApK values obtainable, it is likely that 
little or even no curvature will be observed in many experimental 
Br/&isted plots*
1*3 Activation Parameters
The dependence of observed reaction rates (k) on temperature (T°a ) 
frequently follows the exponential Arrhenius equation 
k = Ae-Ea/RT
where Ea is the Arrhenius activation energy, A is the so-called 
temperature independent pre-exponential factor and R is the gas constant. 
Thus a plot of log-^k versus l/T gives -Ea/2*303R as the slope and 
log^A as the intercept*
The Arrhenius parameters may be related to the activation parameters 
of the absolute reaction rate theory via the relationships:- 
Ag* = -RTlnK* = -RTln— , = AH*- T A S*
* V
where K is the pseudo-equilibrium constant for formation of the transition 
state, Ag the free energy of activation, AK the enthalpy of activation, 
A S the entropy of activation, h is Planck’s constant and kg is the 
Boltzmann constant*
For reactions in solution 
AH* = Ea-RT
and
AS* = 4*576 log10A-49.203
A h and Ea represent the energy barrier which must be overcome by 
reacting molecules whereas AS (or a) represent how many of the molecules 
which have this much energy can actually react. AS* (or A) includes 
steric and orientation requirements, the entropy of dilution, concentration 
and solvent effects, in short any factor not accounted for in AH or Ea*
(51)
1*4 Review of Work Done
Up to 1965 no experimental evidence existed for a clearly defined
kinetic isotope effect maximum in the region where ApK=0# Then 
(18)Kresgev } pointed out that if the values of given by various
authors for acid-catalvsed hydrogen exchange of aromatic compounds are 
plotted against then a maximum in is evident# However, from the
few reliably known pK values of the aromatic compounds concerned, the 
maximum isotope effect appeared to be far removed from the region where 
ApK=0# Later data due to Longridge and Long^^, however, indicated a
yOHC
possible misplacement of the zero ApK position# Further rather inclusive
A
work in acid media has since appeared#
For base-catalysed reactions experimental variations in kinetic
isotope effects have been recorded for reactions in which (a) the substrate
is kept the same and the base is varied, (b) the substrate is varied and
the base is kept the same, or (c) the substrate and base are kept the same
and the solvent is varied*
Work by Bell and Crooksprovided k^/k^ values for the water-
catalysed bromination of a variety of >CH#C/:0 containing compounds and for
the bromination of ethyl-oc-methylacetoacetate catalysed by six basic
(17 )anions. Bell and Goodallv ' also reported values for the
hydroxide catalysed proton transfer reactions of nitroparaffins and for 
the pyridine, 2,6-lutidine and acetate catalysed proton transfer reactions 
of 2-nitropropane. The results obtained, taken in conjunction with earlier 
work, and presented in the form of a logk^ /Jc-p versus ApK gave some 
suggestion of a maximum isotope effect in the region where ApK=0# The 
available Br^nsted (3 values were also roughly in agreement with values 
expected from the ApK values pertaining to the reactions under study#
Until recently the Bell-Goodall plot was sparse in experimental data 
between ApK=-5 to +5 and relied heavily on the k^ /kjj values for the
hydroxide catalysed ionization of nitroparaffins where both steric effects
and secondary isotope effects could be important# However, Dixon and
(21)Bruicev ' have now reported data in this region for the ionization
of nitroethane catalysed by ten primary amine bases# .although their 
values showed considerable scatter they found values varying by
ca# 3 units over 5#5 ApK units and suggested that the isotope effect 
could be a very sensitive probe for transition state symmetry, particularly 
in the region around ApK=0. The Br/nsted (3 values obtained for proton 
and deuteron exchange were 0*55 and 0.59 respectively but the plots from 
which these values were obtained were particularly poor# Further data 
in the region ApK=-l0.1 to -K)*3 has been provided by the measured rates 
of deprotonation and dedeuteration of the nitroalkanes ArCHMeNC^j 
ArCH^NO^^^^ and CH2=CHCH2N0^ '^ with bases ranging in strength from 
hydroxide ion to pyridine. Recent work on the ionization of nitroethane 
in highly basic media (for which the (3 value was 0.7) and the catalysis 
by a variety of bases of proton and deuteron abstraction from tricarbo-
t
methoxymethane, ^ropan-2-one-l-sulphonate ion, 2-acetylcyclohexanone and 
(25)ethylnitroacetatev , completes the logk^/versus ApK profile shown 
in Fig. 2.3. In particular, the results for the reaction of ethylnitroacetate 
with nine bases show a well-defined maximum in the kinetic isotope effect 
at ApK-r-Q. However, the derived value of P (0.65) is somewhat higher than 
the expected value of 0.5. Although the general profile of Fig. 2.3 
indicates a maximum in the region where ApK-~-0, the scatter of 
individual points from a smooth curve is much higher than the experimental 
errors and it would appear that structural alterations close to the 
reaction site constitute too great a modification for correlation of 
isotope effects with a single parameter; the absolute magnitude of the 
isotope effect depending on the type of substrate and base used. In 
particular it is evident that steric, tunnelling^*^ and prerate-limiting
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equilibria^^^®) may alter k /^k^ .
It was suggested^^ that dipolar aprotic solvents may be used to 
alter transition state symmetry^ The H_ values of aqueous alkali solutions 
can be varied over 14 units by the addition of dimethylsulphoxide^0), 
the increase in basicity resulting mainly from desolvation of the 
hydroxide ion* Several studies(^*) bear witness to the very large
rate increases that may be observed under such Conditions* The first 
( 32)reported' ' example of a kjj/k^  maximum with a single substrate under
changing solvent conditions referred to the [3-elimination reaction undergone
by dimethyl-2-phenylethylsulphonium bromide in the presence of sodium
hydroxide in water With up to 85 mole per cent dimethylsulphoxide added,
it being suggested that dimethylsulphoxide induces a more reactant-like
transition state than is encountered in tte elimination reaction in water*
However, a correlation of isotope effects in the elimination reactions with
any property related to transition state symmetry is open to doubt since
the extent of departure of the leaving group in the transition state also
(3 3)
depends on the solvent composition' The only simple hydrogen exchange
reaction studied in highly basic media and yielding a maximum in ^/k^ is 
due to Bell and Cox^^ who measured the rate of inversion of (-)menthone 
and its deuterated analogue in solutions of sodium hydroxide in six 
solvents containing 0-75 mole per cent dimethylsulphoxide. Using an 
interpolated pK of 21 for menthone the maximum k^/k^ appears between 
ApK = 1 to 2* Moreover, the 3 value of 0.48 for the reaction is very 
reasonable.
For reactions involving particularly asymmetric transition states
(35)e.g. the methoxide-catalysed racewisation of 2-methy 1-3-phenylpropionitrile' 
(pKa 30), the isotope effect is considerably less sensitive to changes 
in basicity. Also the Rvalues for such reactions are far-removed from 
0.5 (e.g. 3- 0.87 for the above reaction).
1.5 Current State of the Topic
The picture that emerges from the above brrLef outline is one
which implies a reasonable experimental verification of the predicted
isotope effect maximum and, possibly to a lesser degree, of the relevance
of Br/Aisted (3 values to transition state symmetry. It must however be
pointed out that Bordwell and Boyle have put forward reasonable arguments
which imply that a general correlation of Br/^ nsted coefficients^*^ and
(22)kinetic isotope effects with the symmetry of the transition state is
not valid or at least is not particularly useful since neither
experimental parameter shows sufficient variation over relatively large
symmetry changes in the transition state particularly when the scatter
in the log(l^/k^) versus ApK plot (Fig. 2.3) is taken into account.
Only Bell’s work with ethyinitroacetate^^ and menthone^^ can stand
relatively firm in the light of these arguments. It is evident that
further work particularly for fixed substrates and over relatively wide
ApK ranges is needed to consolidate existing data.
1*6 Objects of the present work
( 37)Previous studiesv 7 of the hydroxide-catalysed ionization of a 
series of substituted acetophenones resulted in a kinetic hydrogen 
isotope (k^ /kj,) variation that is consistent with a transition state in 
which the proton is slightly closer to the acceptor than to the donor.
In cases where, for example, steric hindrance ocburs, quantum mechanical 
tunnelling is evident.
As outlined earlier the use of H__ media comprising dipolar aprotic 
solvents provides a means of obtaining a wide range of basicity while 
keeping the basic entity e.g. hydroxide ion, constant. The presence of 
dimethylsulphoxide, and indeed most dipolar aprotic solvents rules out 
the possibility of measuring bromination rates as an indirect means of 
obtaining the rate of deprotonation of a substrate in the media. The
precision of dedeuteration studies using nuclear magnetic resonance 
techniques is rarely satisfactory. Under these circumstances one 
remaining approach involves the determination of the kinetic isotope 
effect from the ratio of the rate of racemisation to that for 
detritiation. Consequently (d)-phenylmethylacetophenone was chosen as 
the substrate with the intention of determining the isotope effect 
( ^ / V  in aqueous hydroxide media containing varying proportions of 
dimethylsulphoxide and with the hope that a sufficiently wide range 
of basicity, to yield a maximum isotope effect, could be utilised while 
maintaining rates within the classically accessible range. It was also 
decided to determine Arrhenius parameters for the reaction in the 
varying solvent compositions with the hope of being able to assess the 
contribution of the individual parameters to the observed isotope effects.
(57)
2. EXPERIMENTAL
2.1 Theory
The mechanism of base-catalysed proton exchange in the grouping 
’^KH-C=0 is clearly understood. Equation 2.g illustrates base-catalysed 
proto'tropy
+ B W - 0~ + BK+ ^  >CH-C=0 + B (2.g)
(39)It is now well proven that step 1 is rate determiningv 7 
and observed rates of base-catalysed racemisation, isotopic exchange or 
halogenation are therefore all rates of ionization. The mechanism of the 
enolisation of acetophenone has been discussed by Bartlett and Vincent.
In the present studies on the racemisation of (d)-phenylmethyl— 
acetophenone the results are obtained in the form of a variation in the 
optical rotation (O.R.) (or at least a quantity directly proportional to 
this) with time. The rate expression takes the form
Rate [ o H  = kH [K*-H] (2.h)
H dtwhere k is the pseudo first order rate constant for racemisation, the 
concentration of hydroxide ion remaining a constant. Equation (2.h) 
integrates to
[R*-W IT
In— — ---   k t + c (2.i)
[R-iQt
where [Rx-H]c being constant and incorporated
into the integration constant. Although the racemised product exhibits
zero rotation it is experimentally easier to allow the reaction to go to
an observed infinity value (O.R.^.
A plot of logjLQ(O.R.t-O.R.<B) versus time (t) should, if first
order kinetics prevail, be a straight line the slope of which is 
Hrelated to by
k^j- = -slope x 2.303 
[OH"]
(58)
In the detritiation of the tritiated ketone,results are obtained in 
the form of a measured count per minute (c.p.rn.) variation with time, the
c.p.m. being directly proportional to the radioactivity remaining in the
ketone. The rate expression takes the form
T
C0HRate =-d[K-T] = kL-[K-T] [OH-] = kT[R-T] (2.j)
T dtwhere k is the pseudo first order rate constant for detritiation. 
Equation (2.j) integrates to
P K L  T
= k t + c (2.k)
where pR-T] DC (c.p.m.)t.
CR-T]q being incorporated into the integration constant and [R-T]^
or (c.p.m.)^ being zero.
Thus for first order kinetics a plot of log^(c.p.m.)t versus time
(t) gives a straight line the slope of which is related to k^- by 
T = -slope x 2.303
C o n
2.2 Materials
(d)-phenylmethylacetophenone was prepared as detailed by McKenzie 
(41)et al. * The reaction scheme is summarized in Fig. 2.4- Reaction 
of the ethyl ester hydrochloride of (d)-alanine with phenylmagnesium 
bromide gave (l)-3-amino-a<x-diphenyl-n-propyl alcohol. Semipinacolinic 
deamination of the amino alcohol, using nitrous acid gave (d)- 
phenylmethylacetophenone. Final purification was achieved by subliming 
the ketone under high vacuum. The pure substance had a melting point 
of 34-35°C (lit. value 34-35°C).[a] in chloroform was +185°.
The tritiated compound was prepared by reacting for 24 hours at room 
temperature, 1 gm. of the optically active compound, 0.05 mis. tritiated 
water (specific activity 200 mc/ml), 1 pellet of sodium hydroxide, and 
sufficient A.R. dioxan to make the mixture above the excess solid sodium 
hydroxide homogeneous. The tritiated (and racemised) compound was
I I k j . ri-ctKAKA I lUiN Uh ^cyHHhNYLMETH YLACETOPHENONE.
AN d Q p h e NYLMETHYLACETOPHENONE-T
I.
<50—C HrC H-C-OH
h
H a
EtOH
(cO-a^cH-c-^ ■£
k
X■> CHrCH-C-OEt
NKjHCl
C K C H - C - i ^
h  &H O N  hi*
r / o - v
CHj-CH <.-0 
n i-l 6 h
2.
Dioxan
HTO
IMbOH- k
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obtained by filtration of the solid precipitated on adding water to the 
dioxan solution after drying the latter with anhydrous sodium sulphate.
The melting point of the recrystallised compound was 48.5°C* (lit* 
value50-51°C).
The N.M.R*, I.R., and U*V. spectra of the tritiated compound and 
the optically active compound were identical*
Reagent grade dimethylsulphoxide was purified by distillation under 
reduced pressure in the presence of nitrogen.
Doubly deionized, freshly boiled-out water was used throughout.
Stock tetramethylammonium hydroxide solutions (approximately 0*5 to 
0.6M) were prepared by addition of the solid pentahydrate (supplied by 
K* and K. Labs* Inc.) to freshly boiled-out, doubly deionized water, and 
stored in flasks fitted with soda-lime guard tubes* Fresh solutions were 
prepared fortnightly, the solutions being standardised using a.R* potassium 
hydrogen phthalate.
The H_ media comprising dimethylsulphoxide, water and stock 
tetramethylammonium hydroxide were made up by weight, the hydroxide 
solution being added to give solutions 0.013M in hydroxide*
2.3 Procedure
(a) Measurement of rates of racemisation
The racemisation reactions were followed in a water-jacketed cell 
at the required temperature with a Bendix N.P.L. No. 143 Automatic 
Polarimeter, the output of which was attached to a 10 m.v., variable 
speed, pen recorder. The block diagram (fig. 2.5) illustrates the 
experimental technique.
The Bendix Polarimeter is an electronically controlled, self- 
balancing, photo-electric polarimeter which employs the Faraday electro­
optic e f f e c t t o  measure the rotation of the plane of polarisation of
polarimeter un it
cell
TJ
A
control
unit
u
V i
W V W V
s ~ — V — •>
oC =w LH
t =  constant x
i  rzconstant x V
V =constant x cL
chart recorder
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light passing through the solution in the sample cell# If a beam of 
polarised light passes through a transparent medium in the same 
direction as a magnetic field* the plane of polarisation is rotated 
through an angle (oc) which is related to the length of the medium 
(L), the strength of the magnetic field (H) and a constant w (the 
Verdet constant) which depends on the nature of the transparent 
medium and the wavelength of the light. The relationship is:-
cx = v L H
In the polarimeter the transparent medium is flint glass which 
is also the core of a solenoid. The current through the solenoid 
determines the strength of the magnetic field and hence the amount of 
rotation. By means of an assembly including a photomultiplier the 
magnitude of the current is controlled to nullify the rotation caused by 
the sample and this same current can also be tapped and passed across a 
resistance to register on an external m.v. chart recorder* In the 
racemisation runs the recorder aero was slightly offset to ensure 
observable infinity readings.
The source of light to the polarizer comprised a tungsten filament 
lamp supplied with an interference filter having a monochromatic output 
of 546-1 n.m. (mercury green) with a band-width of +8 n.m. The high 
sensitivity of the technique allowed the use of a path length of 1 cm. 
in the sample cell, the total capacity of which was about 2 mis. The 
cell is illustrated in Fig* 2.6.
The temperature in the sample cell during a run was measured to 
4p.05°C. using a narrow thermistor probe which was calibrated against a 
N.P.L. standard thermometer. The temperature in the cell was maintained 
at the requisite constant value by pumping water at high speed, from an 
adjacent thermostated water bath, through the water jacket surrounding 
the cell assembly, the same water bath being used for pre-equilibration
r  10 . ^ . 0 .  POLARIMETER CELL (X -S E C TIO N )
RETAINER
SPACERSAMPLE
CELL
SEALING
WASHERS
COVER -  
GLASSES w a t e r
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of the reagents prior to mixing.
For reasonably slow runs (half-lives } 5 minutes) approximately 3 mis* 
of the H__ media and a trace of a saturated dimethylsulphoxide solution of 
the optically active compound were equilibrated at the requisite temperature 
in separate flasks* Following mixing of the temperature-equilibrated * 
reagents the mixed solution was introduced into the cell using a drawn- 
out glass pipette. After an appropriate time interval (usually about one 
minute) for re-equilibration of the mixed solution to the cell temperature, 
recording of the optical activity change with time was commenced*
For the faster runs (half-lives <.5 minutes) where rapid mfxing of the 
reagents was required the all-glass mixing device illustrated in Fig. 2*7 
was used, a trace of the saturated dimethylsulphoxide solution of the 
optically active compound was introduced through non-returnable funnel B 
into boat C using a drawn-out glass pipette. Attachment of a lfPumpettff^ 44  ^
at A allowed about 3 mis* of the media to be drawn through D to just 
below the level of boat C. The whole assembly was then equilibrated at the 
requisite temperature, shaken for rapid mixing and the mixed solution 
introduced into the sample cell through D. The time from mixing to 
recording could thus be reduced to approximately ten seconds.
In the particularly fast ruiis (half-lives < 1 minute) where proper 
equilibration of the mixed solution to the polarimeter cell temperature 
was not possible, the temperature changed by up to 0*3°C during the course 
of a run. In these cases the mid-value temperature was taken. Thus even 
for the fastest runs followed, temperatures were obtainable to 4p.l°C.
The concentration of the optically active compound in the H_ media 
was in the region of 1CT3 molar. The infinity readings in the runs 
were taken after at least ten half-lives had elapsed. No significant 
departure from first-order kinetics was observed in any run and rate 
constants were reproducible to +3$.
\~ \ \ D KAPIU M IX IN G  D E V IC E  ^X-SEC TIO N J
P
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The range of H__ and consequently ApK values used in .the work was 
determined by two factors. In the high media the limiting feature 
was the rate of the racemisation which became too fast to follow. In 
the low H_ media the limiting factor was the solubility of the optically 
active compound which became too low even for the high sensitivity 
associated with the Bendix instrument.
(b) Measurement of the rates of detritiation
Details of the use of the liquid scintillation method in the 
analysis of tritium content have been set out in the general introduction 
p. 8*
The technique is essentially that described by Jones^^ and 
involves following the decrease in activity of the tritiated substrate 
with time.
In a typical run 15 mis. of the H_ media were equilibrated in a
thermostated water-bath the temperature of which was measured to HH0.O5°C.
by means of a N.P.L. standard thermometer. A trace of the labelled
compound as a saturated solution in dimethylsulphoxide was then added to
the solution and the whole then thoroughly mixed by shaking the reaction
flask. 1 ml. aliquots were withdrawn at appropriate time intervals and
the reaction quenched by introduction of the aliquots into separating
tubes containing 10 mis. of water under 10 mis. of scintillator solution
[2,5-diphenylcxazole (3.4 gms* per litre) in sulphur-free toluene].
After shaking and allowing the layers to separate, the toluene layer was
pipetted off and dried by shaking with anhydrous sodium sulphate. 5 mis.
of the dried solution were then introduced into counting vials of low 
40K content, counting being performed on the Beckmann L.S.100 counter 
described earlier (p. 9 ) • Thus the decrease with time in the tritium 
content of the labelled compound was determined.
(67)
A plot of log10(c.p.m.) versus the time for quenching of the 
corresponding aliquot allowed determination of the rate constant for 
detritiation.
Reactions were usually followed to at least 80% completion and 
always to 60% completion* No departures from first order kinetics were 
observed and rate constants were reproducible to +2% and frequently 
to within +3%.
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3. RESULTS
3.1 Summary
In the following tables of results where particular runs have been 
duplicated the average rate constant is given. The H_ values quoted 
are those due to Dolman and Stewart^^ for 0.01IM tetramethylammonium 
hydroxide in dimethylsulphoxide/water mixtures.
In table 2.2 the ApK values have been calculated from the equations
ApK==pKaH~pKH20=log10 [>~] lQg10 y ^
-pK^-fi^-iogi
m  xu[oh-]
An approximate value for pK^, which refers to purely aqueous media,
for the present ketone has been obtained as follows. Extrapolation of the
racemisation rates to purely aqueous conditions gives a value of 0.025 
-1 -1litres-moles sec which is similar to the rates of ionization of 
p-methoxyacetophenone^^ (0*0247), a c e t o n e (0.0167) and menthone^^^ 
(0*0099). All three Compounds are thought to have pK° values close to 20. 
It is therefore reasonable to ascribe such a value to phenylmethyl- 
acetophenone*
Table 2*3 lists comprehensively the Arrhenius data which was treated 
by standard least squares computing to give the errors in the Arrhenius 
parameters arid the listed, calculated values of the rate constant based on 
the computed best straight line.
Table 2.4 summarizes the Arrhenius data and lists 
logio(Ar/A^) values giving the computed errors in the tabulated values.
Typical racemisation (table 2.5 and figure 2.8), detritiation 
(table 2.6 and figure 2.9), and Arrhenius (table 2.7 and figure 2.10) 
treatments are also presented.
table 2.2
RATES OF RACEMISATION AND DETRITIATION OF
PH ENYIMETH YLACET OPH EN ON E AT 25°C
H T —1 —1lC„ and k. - in litres moles sec”
Mole % 
dime thylsulphoxide lo24 - 1()3k0ir
.... .
kjj/kp ApK
10.97 13.25 4*79 2.77* 17.3 3.2
19.22 14.37 9.51 5.36 17.7 2.2
23.79 14.88 15*7 8.74 17.9 1.8
27.79 15.31 24*6 13.7 17.9 1.4
31.49 15.67 37.0 19.8 18.7 1.1
35.63 16.06 58.8 31.3 18.8 0.7
40.16 16.50 99.4 52.6 18.9 0.4
42.40 16.72 125 69.5 18.0 0.2
44.79 16*96 155 88.3 17.5 —0.1
47.70 17.24 215 125 17.2 tO.3
49.19 17*38 221 131 16.9 -0.4
50.43 17*49 298 191 15.6 -0.5
53.78 17.84 325 214 15.2 -0.8
53.79 17*85 344* 224 15.4 -0.8
56.39 
.... ... ..... . .
I8il2 - 341 - -
*For 0.013M base ^  4^ hours.
*For 0.013M base ^  8 seconds.
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TABLE 2.3
TEMPERATURE DEPENDENCE OF REACTION RATES
Mole % dimethylsulphoxide = 16.87 H__ = 14.08
4 -  - 1.12X1010 e-15'25°/OT
temp./°C 29.0 34.2 36.1 42.9 51.7 58.6 61.7
iO2^ - * 5 obs* 9*85 14'9 16*° 28*9 60.0 92.2 113
calc. 9.55 14.7 17.1 29.3 56.7 92.8 115
k*„- = 2.24x109 e-15-91°/RI
terap./°C 24.9 34.8 46.4 56.9 67.6 79.3
lo3km  obs. 4.48 10.3 27.1 62.1 132 278
calc. 4.44 10.6 27.2 60.6 130 284
Mole % dimethylsulphoxide = 27.79 H__ = 15.31
4- = 7.41x109 e-14>28°/RT
temp./°C 14.5 25.0 32.1 41.0 50.0 57.9 63*9
lolkOH“ : obs. 0.93 2.46 4.04 8*28 16.5 25.9 35.9
Calc* 0*98 2.36 4.14 8.08 15.3 26.1 38.4
L -  = 2*75xl09 e“15i370/RT
teap./°C 25*0 41*5 54.6 69;1 85.0
lO2!^-: obs. 1.37 5.20 14.2 39.8 105
calc. 1.36 5.31 14.2 38.8 106
Mole % dimethylsulphoxide = 31.49 H_ = 15.67
= 5*62x109 e~13 8^51/ ^  
temp./°C 18.0 25.1 32.1 39.0 43.2 48.0
iO^jj-: obs. 1.96 3.80 6.49 10.7 14.4 18.3
calc. 2.07 3.67 6.28 10.4 14.0 19.5
Continued
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TABLE 2.3 (Continued)
Mole % dimethylsulphoxide =  3 6 * 8 1  =  1 6 * 1 7
4 -  =  2 . 5 7 X 1 0 9 e -1 3 '0 3 ° / R I  
temp*/°C 6 . 3  1 0 . 7  1 5 . 4  2 0 .0  2 4 . 6  2 9 . 2  3 3.5
c« .
ohl O ^ L o b s .  1 . 5 1  2 . 2 1  3.33 4 * 7 1  6 . 6 1  8 . 6 5  12 . 6
calc. 1 . 5 4  2 . 2 1  3.23 4 * 6 2  6 . 5 3  9 . 1 4  12.4 
4 ~  -  1 . 6 2 X 1 0 9 e ^ > 4 9 Q / R T  
temp./°C 2 5 . 0  3 5 . 5  4 3. 7  51.6 59.4 6 9.0
1 0 ^ ^ - :  obs. 3*54 8 *3 7  1 5 .2  2 6 . 5  42 * 0 87.6
calc. 3 .56 8 * 20  1 5 . 1  2 6 .6  4 5 . 0  8 3 * 5
Mole % dimethylsulphoxide =  4 1 . 1 9  h__ =  1 6 * 60
4 -  -  2 . 5 1 X L 0 9 e - 1 4 >60° / RT 
temp*/°C 8 *8 I 9 i 8 6  2 4 * 9 3  31*36 3 7 . 3 5  4 3 . 7 5
lO2^ - :  obs. 1 . 2 0  3 . 6 2  5.17 9 . 08  1 4 . 7  2 7 . 1
calc. 1 . 2 5  3 .40 5.22 9.03 1 4 . 5  27 . 6
Mole % dimethylsulphoxide =  4 3 . 3 0  H__ =  1 6 . 8 3
4 - .  2 . 3 4 X 1 0 9 e -1 2 '53°/ RT 
temp./°C 1 0 . 0  1 5 . 1  2 0 . 0  2 4 . 6  2 9 . 1  34.1
1<)lk0 H ~ ! o b s * 4 , 5 3  7,22 1 0 , 2 0  1 4 , 7  1 8 , 9  26,7
calc. 4 . 7 2 7.07 1 0 . 1 0  1 4 . 1  19 . 3 27.2
4 -  -  2 . 6 3 X 1 0 9 e “1 4 *380/RT 
temp ./°C 1 5. 0  2 4 .9  34.9 4 5 . 4  52 . 5 59.2
1 024 “ i *bs. 1 6 * 2 3 3. 8  52 . 4 8 7.0
calc. 3.02 6.97 1 5 . 4  3 3 . 4  54 . 9 8 6. 1
Mole % dimethylsulphoxide =  4 9 . 1 9  H _  =  1 7 . 38
4 -  =  1 . 7 8 X1 0 1 0  e“l 3 '4 9 °/ RT 
temp./°C 1 0 . 0  1 5 . 6  2 0 . 1  2 5 .0  2 9. 7  35.0
K)1^ - :  obs. 6 .30 9.51 14 . 9 2 2 . 1  3 0. 9  42.2
calc. 6 .30 1 0 .0  1 4 . 4  2 1 . 1  3 0 .1  44.4
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TABLE 2.3 (Continued!
4 -  = 3.98x109 e-l4 2^5° M  
teinp./°C 25.0 35.8 44.9 51.2 56.4
lO^H-i obs. 1.31 3.20 6.07 9.42 13.1 
calc. 1.34 3.11 6.05 9.39 13.3 
Mole % dimethylsulphoxide = 51.56 H_ = 17.62 
4 “ = 2;00xl010 e"13 3^20/ ^  
temp./°C 14.5 19.6 24.5 29.5 32i6
4 ~ :  obs. 1.42 2.23 2.91 4.45 5.88
calc, 1.42 2.13 3.11 4.52 5.66
I&- = 2.45x109 e-13'820/** 
temp./°C 13.8 25*0 34.0 44.5 53.7 59.8
101k^ H'": obs. 0.625 1.83 3.53 6.56 12.8 19i6
calc. 0.672 1.68 3.33 7.05 13.1 19.3
Mole % dimethylsulphoxide = 56.39 H_ = 18.12
4 -  = l.lOxlO9 e-12>92°/RT 
temp./°C 25 30.5 35.7 40
lol4 - :  obs. 3i41 5.05 7;33 9.7b
calc. 3.41 5.07 7.30 9.72
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TABLE 2.4
ARRHENIUS PARAMETERS FOR RACEMISATION AND DETRITIATION
OF PHENYIMETHYIACETOPHENONE
- 1 - 1  -1 A in 1.moles sec E in K.cals. mole
Medium 
Mole % 
dimethyl- 
-sulphoxide
Activation, Energies Pre-exponential Factors
^T logHrti 1°SlOrtT logioAK// h
16*87 15.25HH0.14 15.91+0.06 0.66+0.15 10.0540.12 9.35+0.05 0.70+0.15
27.79 14.28+0.11 15.37+0.10 1.09+0.15 9.8740.10 9.44+0.07 0.43+0.15
31.49 13.85+0.11 - - 9.75+0.10 - -
36.81 13.03+0*10 14.49+0.10 1.46+0.15 9.4140.09 9.21+0.09 0.20+0.14
41.19 - 14.60+0.10 - - 9.40+0.10 -
43.30 12.53+0*10 14.38+0.09 1.8540.15 9*37+0.09 9.42+0.09 -0.0540.14
49.19 13,49+0.10 14.25+0.08 0.76+0.15 10 i 2540410 9.60+0406 0.6540.13
51.56 13.32+0.10 13i82+0 k20 Di50+0 420 10.3040.10 9.39+0.18 0.91+0.24
56.39 - 12.92+0.10 :
- 9.04+0.10
j.
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TABLE 2.5
CALCULATION OF IONIZATION RATE COEFFICIENT k^- 
FOR (d)-PHENYIMETHYLACETOPHENONE AT 25°C. H_ = 15,67
Time Units 
15 = 1 Minute
Optical Rotation 
O.R.t (O.R. -0.R. )v t CO log10 (0*R*t“0»R*oo)
0 93.0 80 i 3 1.905
5 86.1 73.4 1.866
10 80.9 68.2 1.834
15 76.1 63.4 1.802
20 70.8 58.1 1.764
25 66.5 53.8 1.731
30 61.6 48.9 1.689
35 56.9 44.2 1.645
40 53.0 40.3 1.605
45 49.8 37.1 1.569
50 47.3 34.6 1.539
55 44.4 31.7 1.501
60 42.5 29.8 1.474
65 39.9 27.2 1.435
70 37.6 24.9 1.396
75 35.7 23.0 1.362
80 34.9 22.2 1.346
85 32.3 19.6 1.292
90 30.9 18.2 1.260
95 28.7 16.0 1.204
100 27*9 15i2 1.182
105 26.3 13.6 1.134
110 25.3 12.6 1.100
115 23.9 11.2 1.049
O.R^ =12.7
(CH^)^N+OH concentration = O.Oll molar 
A plot of lcg1Q (O.R.^O.R.^) against time, Fig. 2.8, gives
-3 -1a slope of-1.77x10 sec •
Therefore k?u- = 2.303x1.77x10  ^= 37.0x10  ^1.moles ^ sec \  
0H 0.011
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table 2.6
CALCULATION OF IONIZATION Rate COEFFICIENT k*-
Uri
FOR (r)-PHEPTSfLMETHYLACETOPHENONE AT 25°C. H_ = 15.67
mins
Time 
• secs.
Ketone Radioactivity 
-3c.p.m.xlO
-3+log-^ Q (c.p.m.)
0 00 517 2.714
10 00 443 2.646
20 00 387 24588
30 bo 339 24530
40 50 295 2 *469
55 30
\
240 2.380
70 00 196 2.292
90 40 147 2.166
110 00 116 2.064
132 30 87.1 1.940
(CH^)^N OH" concentration = O.Oll molar,
A plot of -3+log-j^  (c.p.m.) against time [Figi2.9] gives a slope
of~9.50xlb  ^sec
Therefore kJL- = 2.303x9.5x10  ^— 19.8x10  ^l.inole ^ sec ^
0H 0.011
Calculation of = 15.67
= 37.0xl0“2 l.iaoles”1 sec-1 [Table 2.53
k^j- = 19.8xl0-3 1.moles ^ sec ^
Therefore ^ ■, - 18.7.
n 1 lg.sxHr*
-3
+
lo
g
|0
(c
.p
.m
)
F I G.2.9.A PLOT O F - 3 + LOGjjCp.m) VERSUS l lM E .  
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2-7
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TABLE 2.7
CALCULATION OF ARRHENIUS PARAMETERS FOR THE RACEMISATION AND
DETRITIATION REACTIONS OF PHENYLMETHYUCETOPHENONE H_ = 15.31
Mole % D.M.S.Q. = 27.79
a) Hacemisation
Thermistor Temperature 10 V  -koh
Probe Reading io3/t°a 2+1°Siokoir
ohms °C °A l.moles”^ sec~^
1. 2360 14.5 287.7 3.476 9.3 0.9685
2. 1646 25.0 298.2 3.354 24.6 1.3909
3. 1296 32.1 305.3 3.276 40.4 1.6064
4. 988 41.0 314.2 3.183 82.8 1.9180
5. 758 50.0 323.2 3.094 165 2.2175
6. 610 57.9 331.1 3.020 259 2*4133
7. 532 63.9 337.1 2.966 359 2.5551
A plot of 2+log1QkQH- against 103/T°A [Fig* 2.10] gives a slope of
- 3.132 and intercept of 11.87*
3 -1
Therefore =+2.303x10 xl.987x3.132=14,280 cals. mole and log-^A^ =
11.87-2 = 9.87.
b) Detritiation
Tempc
°C
srature
oa
103/T°a
l02kT _10 kQH 
1.moles ^ sec ^ 2+l°SiokOH”
1. 25.0 298.2 3.354 1.37 0.1367
2. 41.5 314.7 3.178 5.20 0.7160
3. 54.6 327.8 3.050 14.2 1.1523
4. 69.1 342.3 2.921 39.8 1.5999
5. 85.0 358.2 2.791 105 2.0212
T 3 oA plot of 2+log10kQH- against 10 /T A [Fig. 2.10] gives a slope of
- 3.371 and intercept of 11.44.
Therefore = +2 *303xl03xl.987x3.371=15*370 cals. mole ^ and l^ Sj.O'^ T ~ 
11.44-2 = 9.44.
F I G . 2 . 1 0 .  TYPICAL ARRHENIUS PLOTS. 15*3|
2*6
2*303 RT
2*2
2*0
X  O
CJ>
CM
0*6
0*4
0*2
3*53*33*22*9
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4. DISCUSSION
4*1 Isotope effect variation with ApK
The results of table 2.2 shown &lso as a plot of k^/ky versus 
ApK in figure 2,11 show that as the basicity of the medium, expressed 
in terms of the acidity function increases then ApK decreases and 
increases until, at a ApK value between 0 and 1, K^ /kj, passes 
through a maximum* This behaviour is certainly consistent with the 
transition state structure suggested for the acetcphenones (p*55) 
the proton being marginally closer to the hydroxide ion. Increasing 
medium basicity then leads to a more symmetrical transition state and 
hence a higher isotope effect, the maximum isotope effect corresponding 
to the most symmetrical transition state.
Figure 2.11 shows a lack of symmetry in the versus ApK
plot. This may be due to the inherent difference between the hydroxide
ion and carbanion competing for the proton and it may be possible that a
more symmetrical profile would be obtained in the case where two carbanions
competed for the proton. It is however possible that the uncertainty
in the individual isotope effects (which never amounts to greater than +1)
could lead to an unreal antisymmetry in the plot.
4.2 The Br^nsted coefficient for the reaction 
(47)Recent workv ' suggests that for deprotonation reactions in highly 
basic media, the slope of the lcg-^k versus H__ plot can be interpreted 
in terms of a Pqjj- exponent. Figure 2.12 shows such a plot for both 
the racemisation and detritiation studies, the slope (0.49) being the 
same in each case and very much in agreement with theory.
It is interesting to note that the points for both racemisation and 
detritiation studies in the less basic media (H_<15) are displaced from 
the linear section of the logk versus H_ plot. Similar findings have been
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observed in the ionization of both acetophenone^^ and menthone^^ 
suggesting that the activity coefficients of these carbon acids vary, 
at least in the dilute dimethylsulphoxide region, in a different manner 
to the nitrogen acids used in setting up the scale* Taking into 
account this curvature it is evident that no observable variation in 
the (3qh~ coefficient is evident and since the isotope effects indicate 
transition state symmetry changes over the R_ range used it is evident 
that the isotope effect is a more sensitive probe of transition state 
structure than the Br/nsted coefficient*
4,3 The Arrhenius Parameters
The activation energies and pre-exponential factors for the dimethyl­
sulphoxide/water solutions are of considerable interest not only because
of the current scarcity of data but also because of the role they play
(12)in assessing the importance of quantum mechanical tunnellingv 7 •
The structure of dimethylsulphoxide/water mixtures has raised
considerable interest* Measurement of thermodynamic excess functions
and dielectric constants^^> viscosities, densities and heats of mixing^^
all indicate a maximum intercomponent interaction in or near the region
0*3 to 0.5 mole fraction. Recent work by Packer and Tomlins on on
(52)nuclear spin relaxation and self-diffusion and by Macdonald and Hynev 7 
on thermal pressure and energy-volume coefficients for a variety of 
dimethylsulphoxide/water mixtures lend considerable support to the earlier 
work*
Different reactions appear to be affected in different ways by the
addition of dimethylsulphoxide for example in the alkaline hydrolysis of
(53)2,4-dinitrcfluorobenzenev 7 both E and a reach a maximum at 25.5 \it%
dimethylsulphoxide whereas the increase in reactivity in the hydrolysis
(54)of benzyl chloridev 7 is brought about mainly by a decrease in the
(84)
enthalpy of activation. In the alkaline hydrolysis of ethyl benzoate 
the dependence of the enthalpy of activation upon the mole fraction of 
dimethylsulphoxide seems relevant to the present findings (Table 2.4):- 
mole fraction D.M.S.O. 0.32 0.372 0.433 0.504 0.591
AH (k.cal.mole”1) 11.7 U.5 10.2 11.2 12.2
Close scrutiny of the results in Table 2.4 (p.73) shows that log^A^ 
remains virtually constant from 16.9 to 51.6 raole$ dimethylsulphoxide
whilst decreases rapidly to begin with and then more slowly. In
contrast both log^i^ and pass through a minimum at 43.3 mole$ 
dimethylsulphoxide, corresponding to a medium basicity of 16.8 and one 
in which the isotope effect is Close to its maximum value; Consequently
-1is a maximum for this solution and the value (1.8540.15 k.cals.mole )
is close to that observed for some meta- and para- subsituted
(37)acetophenones in aqueous media' and within experimental error of the
value expected for complete loss of a carbon-hydrogen stretching frequency
(1.78 k.cals.wole"*^ ).
The criteria for observing quantum mechanical tunnelling are well
(12)known and many of the results have been recently summarised' . The
ratio is probably the most sensitive of these and in most of the
cases studied values lower than unity are obtained. In the present studies
the ratio decreases from close to 5 to near unity in 43.3 mole%
dimethylsulphoxide before increasing again to 8. These large values cannot
be accounted for by current transition state theory. However, these
results may be interpreted as suggesting that the reorientation of solvent
molecules cannot keep pace with the transfer of the proton. This
(9 56 57)possibility has been suggested previously' 9 9 f and arises from the
-12 -13fact that the lifetime of the transition state (10 -10 secs) is less
than the reorientation time of water at room temperature (10~^ secs).
This effect will be more important for the proton transfer than for the 
slower triton transfer reaction. If this interpretation holds it would 
mean that E^ would be higher than it would otherwise be and the entropy 
of activation would be enhanced by virtue of the fact that the transition 
state is less ordered than it would be at equilibrium. Both conclusions 
are bourne out by the results (Table 2*4). Dimethylsulphoxide/water 
mixtures are probably very favourable systems for studying solvent 
reorganisation effects as both constituents interact very strongly with 
one another with the result that inte molecular associations (each water 
molecule may be joined by hydrogen bonds to two dimethylsulphoxide molecules) 
are much stronger than in pure water.
The lower activation energies in dimethylsulphoxide/water mixtures 
as compared to purely aqueous conditions} makes tunnelling less likely in 
these media and this seems to be bourne out by the experimental findings
and Ay
are different from those resulting from tunnelling and therefore make a 
correct assessment of the lattei*s importance more difficult*
Although ho firm experimental evidence in favour of the importance 
of solvent reorganisation contributions has previously,been reported it 
has been speculated that it may be operative in both the ionization of 
2-carbethox^lopentanone^®^ and diethylketon^^. In both cases the 
solvent isotope effect depends on the nature of the hydrogen isotope being 
transferred.
although the effects of solvent reorganisation in increasing E^
REFERENCES
1. Bigeleisen, J., (1949), Science, 110, 14,
2* Westheimer, F.H., (1961), Chem.Rev., 61, 265.
3# Bigeleisen, J., (1964), Pure Appl.Cheia., 8, 217.
4. Willi, A.V., and Wolfsberg, M., (1964), Chem. and Ind., 2097.
5. Albery, W.J*, (1967), Trans.Faraday Soc., 63, 200*
6. More 0tFerrall, R.a ., and Kouba, J*, (1967), J.Chem.Soc.(B), 985.
7. More 0*Ferrall, R.a ., (1970), J*Chem.Soc.(B), 785.
8. Bell, R.P*^ (1961), Trans.Faraday Soc., 57, 961.
9. Bell, R.P., (1965), Disc.Faraday Soc., 39, 16.
10. Bader, R.F.W., (1964)> Can.J*Chem;, 42, 1822*
11. Bell, R.P*, Sachs, W.H., and Tranter, R.L., (1971)> Trans.Faraday Soc., 
67, 1995.
12. Caldin, E.F., (1969), Chem.Rev., 69, 135.
13. Leffler, J.E., (1953), Science, 117, 340.
14. Grunwald, E., and Leffler, J.E*, "Rates and Equilibria of Organic 
Reactions11 (J* Wiley and Sons, Inc., New York, 1963), p.24l.
15. Hammond, G.S., (1955), J.Amer.Chem.Soc., 77, 334.
16. Swain, C.G., and Thornton, E.R., (1962), J.Amer.Chem.Soc., 84, 817.
17. Bell, R*P., and Goodall, D.M., (1966), Proc.Roy.Soc.(A), 294, 273.
18. Kresge, A.J., (1965), Disc.Faraday Soc., 39, 49.
19. Longridge, J.L., and Long, F.a ., (1967), J.Amer.Chem.Soc., 89, 1292.
20. Bell, R.P., and Crooks, J.E., (1965), Proc.Roy.Soc.(A), 286, 285.
21. Dixon, J.E., and Bruice, T.C., (1970), J.Amer.Chem.Soc., 92, 905.
22. Bordwell, F.G., and Boyle, W.J. Jr., (1971), J.Amer.Chem.Soc., 93, 512.
23. Hautala, J., unpublished results (see reference 22).
24. Bell, R.P., and Cox, B.G., (1971), J.Chem.Soc.(B), 783.
25. Barnes, D.J., and Bell, R.P., (1970), Proc.Roy.Soc.(A), 318, 421.
26. Reference 25, p.438.
(87)
27* Cram, D.J., Scot, D.A«, and Nielson, W.D.> (1961), J*Awer.Chem.Soc., 
83, 3696.
28. Cram, D.J., et aL, (1967), J.Amer. Chem. Soc., 89, 4661.
29. Jones, J.R., (1967), Chem.Comm*, 710.
30. Dolman, D., and Stewart, R., (1967), Can. J .Chem., 45, 911.
31. Rochester, C.K., ” Acidity Functions” (Academic Press, 1970) p.257.
32. Cockerill, a . F . ,  (1967), JiChem.Soc.(B), 964.
33. Cockerill, A*F., and Saunders, W.H. Jr., (1967), J.Amer.Chem.Soc.,
89, 4985.
34. Bell, R.P.^ and Cox, B.G., (1970), J.Chem.Soc.(B), 194.
35. Stewart, R. et al, (1962), Tetrahedron, 18, 917.
36. Bordwell, FiG., and Boyle, W.J. Jr., (1971), J.Amer.Chem.Soc.,
93, 511.
37. Jones, J.R., Marks, R.E., and Subba Rao, S.C.^ (1967), Trans.
Faraday Soc., 63, 111.
38. Jones, J#R*, (1969), TransiFaraday Soc., 65, 2138.
39. Bell, R.P., ”The Proton in Chemistry” (Methuen, 1959) p.144.
40. Bartlett, P.D., and Vincent, J.R., (1935), J.Amer.Chem.Soc., 57, 1596.
41. McKenzie, A., Roger, R., and Witts, G.O., (1926), J.Chem.Soc., 779.
42. McKenzie, A., and Witts, G.O., (1925), J.Chem.Soc., 127, 287.
43. MeCaffery, A.J., and Schatz, P.N., (1969), Quart.Revs., 23, 552.
44. The ”Shandon Pumpett” as supplied by Scientific Supplies Co. Ltd.
(see p.78 of their 1972 catalogue).
45. Jones, J.R., (1965), Trans. Faraday Soc., 61, 2456.
46. Jones, J.R., (1965), Trans. Faraday Soc., 61, 95.
47. Jones, J.R., (1971), Progr. in Phys.Org.Chem., ed. a .  Streitweiser
(Wiley) 9,241.
48. Jones, J.R., and Stewart, R., (1967), J.Chem.Soc.(B), 1173.
(88)
49. Kenttamaa, J., and Lindberg, J.J., (I960), Suomen Kemistilehti (B),
33, pp. 32, 98 and 104*
50* Cowie, J.M.G., and Toporowski, P.M., (1961), Can.J.Chem., 39, 2240.
51. Packer, K.J., and Tomlinson, D.J., (1971), Trans. Faraday Soc., 67, 
1302.
52. Macdonald, D.D., and Hyne, J.B., (1971), Can. J .Chem., 49, 611.
53. Murto, J., and Hiiro, A.M., (1964), Suomen Kemistilehti (B), 37, 177.
54. Pitkanen, I.P., and Tommila, E., (1966), Acta.Chem.Scand., 20, 937.
55. Roberts, D.D., (1964), J.Org.Chem., 29, 2039.
56. Kreevoy, M.M., and Kretchmer, R.M., (1964), J.Amer.Chem.Soc., 86, 2435.
57. Grunwald, B., and Price, E., (1964), J.Amer.Chem.Soc., 36, 2965 and 
2970.
58. Jones, J.R., (1969), Trans^ Faraday Soc*, 65> 2430.
59. Calraon, J.P., Caiman, M., and Gold, V., (1969), J.Chem.Soc.(B), 659.
(89)
P A R T  3
E Q U I L I B R I U M  P R O T O N A T I O N  A N D  K I N E T I C S
O F  H Y P  R 0 G E N E X C H A N G E
F O R  S O M E  A C E T O P H E N O N E S  I N  A C I D I C
A N D  H I  G H L Y A C I D  I C M E D I A
(90)
1, INTRODUCTION
1.1 Acidity functions in highly acidic media
The protonation of a base, B, in diluteAacidi*-solution according 
to equation (3.a) may be related to the pH of the solution by equation 
(3.b)
B + H+^  BH+ (3.a)
CBH+ , fBH+ 
pH = PKBH+ - - log10 “j- ( >
The C terms represent concentrations and the f terms, activity 
coefficients. Hammett and Deyrup^ extended the relationship to 
highly acidic media using equation (3.c)
Ho = PRBH+ - lo®10 * f~ <3-°)D
where
Ho ~ “*Log10ho ~ *”log10^aH+ -(3«d)
is the activity of the hydrogen ion. For very dilute acid solutions
Hq = -log^a^-t = pH and thus Kq is referred to infinite dilution as the
standard state. To produce an acidity function an indicator which
ionises at or near dilute acid concentrations is first studied. The
ratio CgH+/Cg may normally be measured by spectropho tome trie means when
the electronic absorption spectrum of the base is measurably different
from that of its conjugate acid. The pKgjj+ value of the first indicator
may be obtained by extrapolation of the observed data to infinite dilution
and thus Hq values calculated, for the range of acid concentration
studied, using equation (3.c). A second indicator is then studied.
This is a slightly weaker base than the first but the ratio Cg^+/C0
may be accurately measured in the region of acidity corresponding to the
already established Hq values and the pKgK+ value is determined using
equation (3.c). The ratio may also be accurately measured for
the indicator in a more acidic media where equation (3.c) is again
used to determine higher values. This stepwise procedure may be
(91)
repeated with a series of indicators of decreasing basicity to produce
a comprehensive Hq range. In their original acidity function Hammett
and Deyrup^ measured the ionization of five primary amine bases in
aqueous perchloric acid.S© Since this work acidity functions in many
(2)acid systems have been set up.' 7 The original hope that there existed 
a unique acidity function for a particular acid system has proved forlorn. 
It is now evident that groups of indicators with different structures, 
particularly different basic sites, will often show pronounced deviations 
in acidity function behaviour (see the following section 1.3 page 94).
1.2 Mechanistic criteria in highly acidic media
Since the 1930*s a variety of theoretical and semi-empirical 
approaches have been developed for predicting or testing reaction 
mechanisms based on the observed rates of reactions in concentrated 
aqueous acid solutions. The "Zucker-Hammett hypothesis” was the first
(3)
such approach.' 7 This predicted that for the hydrolysis of an organic
solute (S) in acid solution proceeding by the A-l mechanism the logarithm
of the experimental first order rate constant (k-j) is related to the 
Hq value of the solution by equation (3.e)
log10 kl ~ *0 ” ^ l O 1^ + hc/KSK+) + log10^kc/KSH+  ^ (3,e) 
where kQ is the rate constant for the rate-determining step. The
(4)
derivation relies on the assumption' 7 that
f f + f f +XS • BH S' BH -a- i
f + .  f f.f1^ v • /
SH B B
where B (and BH+) refers to the base(s) used in setting up the 
particular Kq function wad and f is the activity coefficient of the 
transition state in the rate-determining step. For the particular case 
where hQ «Kg^+ a plot of ^  versus should be linear with a
slope of-1. For an acid-catalysed reaction proceeding via the A-2 
mechanism it was predicted that the relationship (3.g) should hold
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loglOkl = ^ loSi* ~ log10(1 + kc/KSK+  ^^ log(k2A SH+) (3*g) 
is the rate constant for the bimolecular rate-determining step#
Expression (3.g) should hold provided that 
fc f„+ a
loSlO - (3.h)
where a is the activity of water in the solution. For the particular
f *
case where ho« K g H+ a plot of log^k^ versus log^(^+ should be
linear with a slope of 1.
It is seldom that the requirements of the ”Zucker-Hammett hypothesis”
are exactly obeyed and the treatment is particularly limited when the
rate dependence on acidity falls between the two possibilities outlined*
( 5)Bunnett' 7 on a semi-empirical basis deduced the relationship (3.i)
for acid-catalysed reactions
ho
lo®10kl - lo®10 h + L +  = " loglO aw + C ^ • i>O 6H
where o and C are constants. A plot of the left-hand side of equation 
(3.i) versus logjQ aw should be linear with slope 0). If the plots are 
not linear then equation (3.j) is applied
log10kl ~ log10 h-t- Kq„+ =a) log10aw + C1
(5 6)where C-^ is a constant. A detailed analysis by Bunnett and co-workers^ 9 7 
of many reactions particularly where independent mechanistic evidence was
3£available showed that certain types of mechanism tended to give co or a) 
values in a particular range. Table 3.1 summarises the findings which 
are characterised in terms of the mode of involvement of water in the 
rate-determining step. Table 3.1 also lists 0 values. These are 
derived from the relationship (3.k)
log10kl ~ log10 h + L„+ = ^  (Ho + logl()V> + logl O ^ KSH+)o 6H
where k is the rate constant for the rate-determining step. Equation
(6)(3.*k) was derived by Bunnettand Olsenv 7 from their linear free 
(7 8)energy treatment' 9 7 for the determination of pKg^+ values for any 
weak base knowing the ionization ratio (CggVCg)*
TABLE 3.1
C0« g)K AND 0 VALUES AS MECHANISTIC CRITERIA 
Mode of involvement
of water U)
X
m t
Proton transfer agent >3.3 >-2 >0.47
Nucleophile 1.2 to 3.3 <-2 0.18 to 0*47
No involvement -2.5 to 0 -0.34 to 0
[The above values refer to substrates protonated on oxygen or 
nitrogen. For hydrocarbon-like basic substrates both $ and co 
= ca* 0 if water is acting as a proton transfer agent.]
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All the above approaches rely on. the use of an Hq acidity function.
(9)Kresge and co-workers' have outlined a treatment in which measured 
values of Cg^+/Cg are utilised thus obviating the need of an acidity 
function. The treatment assumes that the activity coefficient of the 
transition state in the rate-determining step is related to the 
activity coefficients of the products (fp) and reactants (f^ ) of the 
step by an expression of the form
t* = faf*)1"® (nfpf (3.1)
Incorporation of the above expression for f into the expression 
for the experimental rate constant and rearrangement of terms enables 
plots to be made from which a can be determined: a is said to 
represent the extent to which the transition state resembles the 
products and it should have approximately the same value for reactions 
proceeding by the same mechanism.
1.3 Review of work done 
(2)Rochester' 7 has recently given a comprehensive review of acidity
functions in highly acidic media. Consequently it only remains to
summarise the more important poihts of relevance to the present work.
Recent work by Katritzky et al.^^ on the protonation of amide bases and
Greig and Johnson^"^ on the protonation of aromatic carbonyl compounds
emphasizes earlier findings that the protonation of chemically dissimilar
groups of indicators will often follow a separate acidity function for
each group. The latter workers also discuss the difficulties of separating
medium and protonation effects on the U.V. spectra used in determining
ionization ratios. Both these points, which have very important reper-
(12)-cussions, are enlarged upon in the discussion. Stewart and Yates' 7 
have investigated the protonation equilibria of a series of acetophenones 
in sulphuric acid solutions. However, results are only given for the
(95)
values of Kq at the half-protonation point for the acetophenones and 
no data is available on the slopes (m) of the logarithm of the
iOAi' i Wft
3ailHBa& ratio versus Hq. The protonation equilibrium for acetophenone
has also been investigated by other workers ^0-^13,14,15) oreig and
Johnson^^ explain the large discrepancies between the m values obtained
by the various workers in terms of a failure by the earlier workers to
adequately account for solvent effects on the spectra#
(2)Rochesterv 7 has also given a complete summary of the more
important experimental kinetics in highly acidic media and the success
or otherwise of the various mechanistic criteria outlined in section 1.2
above. Since our work is concerned with the acid-catalysed rates of
proton transfer for acetophenones in highly acidic media the following
summary has been particularly directed towards reported work on the
reactions of ketonic substances in highly acidic media.
Early work^*"^ on the halogenation of ketones lead to the following, 
(18)now well authenticated^ mechanism for the acid-catalysed enolisation 
reaction
SCH-C/= 0 + H-0+ '^''CH-C , + H.O (fast) (3.m)
x ' V  2
SCH-(f , + Ho0 — J NC = C + H,0+(slow) (3.n)
■' 'OH 2 ' OH J
The measured rate of halogenation is identical to the rate of
(19)enolisation of the ketone. Hammett and Zuckerv ' studied the acid-
catalysed ioAination of acetophenone in HCIO^ and H^SO^. The results in
HCIO^ were used in part in the deduction of the ®*Zucker-Hammett hypothesis®4
outlined earlier. The rates in were studied up to 66 Wt % H^SO^,
however reaction of the enol with iodine became rate controlling above
51 Wt % H^SO^. Bunnett^7^  later used the results for the reactions
as standards in his w 9 o)x and $ mechanistic criteria treatments.
(20 21)The halogenation of acetone in aqueous HCl has been studied^ * 1 
liiwiwai’r, deductions in terms of the **Zucker-Hammett hypothesis®®
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(22)are complicated by the uncertainty in the value of for acetone.v 7
3ENevertheless, the w and to values for the reaction are consistent with
water acting as a proton transfer agent in the rate-rdetermining step.
(23)Work by Baliga and Whalleyv 7 on the effect of pressure on the acid-
catalysed enolisation of acetone and acetophenone in various ethanol-
water solvents also supports the accepted mechanism.
( 24)Swain and Rosenburg' 7 have studied the isomerisation of D-oc- 
phenylisocaprophenone in 85-94 Wt % H^SO^. They fitted the data to an 
empirical expression for the rate constant that accounted for the amount 
of protonated form of the substrate and for catalysis by both water and 
bisulphate ions. However, Long and Bakule^^ criticised the treatment 
since concentrations rather than activities of the catalytically active 
species were used. They found that the interconversion of the keto and 
enol forms of 1,2-cyclohexadione correlated better with Hq than with the
3Ecatalyst acid concentration. This observation and the observed to and to 
values for the forward and reverse reactions were explained in terms 
of the accepted mechanism with the additional proposal that the transition 
state for the reaction contains an extra molecule of water for the 
reaction studied. The 0 value for the reaction implies that the contradiction 
between Hammett-Zucker and Bunnett treatments arises because of differential 
medium effects on the keto and enol forms in concentrated acid solution.
Noyce and co-workers have made detailed studies of the acid-catalysed 
isomerisation of cis-chalcones. Dependent on the substituents present in 
the chalcones, correlation of the rates with Hq may or may not be obtained. 
This observation and the variation of the Bunnett w values with the 
substituent present is explained in terms of two competing mechanisms 
viz. fast oxygen protonation followed either by slow attachment of water 
to the (3-carbon of the carbon-carbon double bond, or by slow 
unimolecular rotation about the carbon-carbon double bond.
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1*4 Current state of the topic
Although a great deal of kinetic vork for reactions in highly
acidic media has been reported, there is a comparative scarcity of
(27)data over large ranges of acidity,v ' particularly up to 17 to 18 M 
H2SO4. This implies a lack of truly rigorous testing of the various 
criteria for mechanism in highly acidic media. In particular the acid- 
catalysed enolisation of ketones has not been investigated above 9 
molar concentration of acid. Furthermore, for many of the reactions 
studied, no data was available on the protonation equilibria in highly 
acidic media for the compounds under study. Clearly kinetic data for 
a reaction with an established mechanism over a large range of acidity, 
coupled with a knowledge of the protonation characteristics of the 
compound or compounds under study would provide a valuable test of the 
existing mechanistic criteria for reactions in highly acidic media.
1.5 Objects and outline of the present work
Inherent limitations of the experimental techniques used or 
reactions becoming too fast or too slow to be followed by conventional 
techniques have usually been responsible for the relative narrow range 
of acidity studied. The tritium-tracer kinetic technique provides a 
relatively simple means of measuring rates of proton transfer reactions. 
In the present study the rates of detritiation of a series of 
acetophenones have been determined in 40 to 99 Wt % H^SO^ solutions.
The rate of detritiation of para-nitroacetophenone and acetophenone 
has been followed in hydrochloric acid solutions in the pH region down 
to purely aqueous conditions and the reaction for acetophenone has also 
been followed in aqueous HC1 solutions up to 10 M in acid concentration. 
The protonation equilibria of a series of acetophenones in sulphuric 
acid solutions have also been studied. This has allowed an appraisal
(98)
of existing mechanistic criteria for reactions in highly acidic media.
The equilibria and kinetics have both been studied at 50°C since 
this temperature gives easily accessible rates of reaction particularly 
in very dilute hydrochloric acid media.
(99)
2. EXPERIMENTAL 
2*1 Theory
a* Protonation equilibria
The protonation equilibria were measured using a nuclear magnetic 
resonance method that has been reported by Haake and co-workers.
The method involves measuring the chemical shift of the methyl group of 
the acetophenones with respect to an internal standard of trimethyl-
*4* _
ammonium chloride ((CH^)^NHCl )• Protonation of the carbonyl group 
results in a deshielding of the methyl protons of the acetophenones with 
a corresponding downfield shift. The actual position of the methyl 
resonance (d) will be an average position, dependent on the amount of 
protonation, and falling between the resonance positions corresponding 
to totally protonated (dgg+) and totally unprotonated (dg) substrate*
Thus the indicator ratio (I = Cgg+/Cg) is given by
Cbh+/Cb =(d-dB)/(dBH+-d) (3.0)
The use of trimethylammonium ion as an internal standard should 
minimise solvent effects on the spectra in high concentrations of sulphuric
- I -J-
acid since both BH and (CH^N H have one acidic hydrogen for interaction 
with solvent, and solvation effects on each species should be Similar*
(15)
Measurements by Haake and co-workersv on substrates that are totally
protonated or totally unprotonated over a large range of acidity support 
these ideas*
b* Kinetics
The mechanism of acid-catalysed proton exchange has been discussed 
in section 1*1* The rate of acid-catalysed detritiation of an 
acetophenone is equal to the rate of enolisation and the rate expression 
takes the form
Rate = -€B=lI = 1^  = kT [R-T] (3.p)
3
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T
where k is the pseudo first order rate constant for detritiation, the
4.
concentration of H^O remaining constant. Equation 3.p integrates to
ln^~^o = kTt + c
[R-T] q may be incorporated into the integration constant, and 1R-T] 
is zero. The results are obtained in the form of a measured counts 
per minute (c.p.m.) variation with time, the c.p.m. being directly 
proportional to the radioactivity remaining in the substrate. Thus for 
first order kinetics a plot of log1Q (c.p.ra.)^  versus time (t) gives
T
a straight line, the slope of which, when multiplied by -2.303 givesk «
For a few runs in aqueous HC1 media the tritium uptake of the 
aqueous portion of the reaction solution was also monitored. In these 
cases a plot of log-^Hc.p.m.J^-tc.p.m.).^ versus time gives a straight 
line, the slope of which, when multiplied by -2.303 gives k ; (c.p.m.)^ 
being proportional to the activity in the aqueous portion at the infinity 
state of the reaction (Viz. after at least ten half-lives) and 
(c.p.m.)t being proportional to the activity in the aqueous portion at time 
t.
The majority of rate constants in very dilute aqueous HC1 media 
-7 -9 -1were in the range 10 to 10 sec and consequently, an initial rate
(28)method' was used in these cases. This involved following only a small 
percentage of the total reaction, monitoring the tritium uptake of the 
aqueous portion of the reaction solution. The first order rate constant 
for exchange was calculated from the fraction of reaction (x) per 
unit time using the relationship
k^ = ~ ln(l/l-x) —  x/t for small x (3.r)
V
TThus k is given by the slope of a plot of (c.p.m.) versus t, 
divided by (c.p.m.)^* the c»p*m. parameters being proportional 
to the activity in the aqueous portion of the reaction solution.
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2.2 Materials
The acetophenones were obtained commercially, solids being purified 
by recrystallisation from ethanol/water and liquids by distillation 
under reduced pressure* Melting-points and boiling-points of the purified 
acetophenones were in good agreement with reported values#
The tritiated compounds were prepared in an analogous manner to that 
described in part 2, page 58.
B.D.H* Aristar grade sulphuric acid was diluted with doubly deionised, 
freshly boiled-out water to produce solutions of varying Wt %
B.D.H. laboratory reagent fuming sulphuric Acid was used to produce 
solutions containing excess sulphur trioxidfe in the protonation 
equilibrium measurements. Solutions were made up by weight and were 
checked by titration of the accurately diluted solution against sodium 
hydroxide solutioh standardised with potassium hydrogen phthalate.
B.D.H. laboratory reagent trimethylammonium chloride was used 
from a 50 Wt % aqueous solutioh.
Fisohs A.Ri hydrochloric acid (S.Gi = 1*16) was diluted with 
doubly deionized, freshly boiled-out water to produce solutions of 
varying concentration of hydrochloric acid, molarities being determined 
by titration.
2.3 Procedure
a. Protonation equilibria
Sulphuric acid solutions containing approximately 0.1 M tetramethyl- 
ammonium chloride and 0.1 M of the acetophenone under study were 
prepared for a range of Wt % H^SO^ solutions. For most solutions below 
60 Wt % H^SO^ the solubility of the acetophenones was below 0.1 M.
The nuclear magnetic resonance spectra of the solutions were run on a 
Perkin-Elmer R.10, 60MHz spectrometer operating with a variable 
temperature probe maintained at 50 + 0.3°C. Typical instrument settings
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were R.F* field 1 x 10 , R.F. gain ^ r, sensitivity 4, time constant 0.1, 
and scale factor 6. The methyl protons of the internal standard appeared 
as a doublet and shifts were measured from the more downfield peak of the 
doublet. The methyl protons of the unprotonated acetophenones appeared 
as a singlet upfield of the internal standard doublet* The methyl 
singlet for the totally protonated acetophenones was downfield of the 
internal standard. The spectra were run at least three times and the 
average chemical shift obtained; the chemical shifts being measured 
between the tips of the sharp peaks produced* Shifts were always 
reproducible to + 0.01 p.p.m. The treatment of the sigmoid curves 
obtained by plotting the methyl shifts versus Hq for the solutions is 
dealt with in the discussion.
b. Kinetics
In the runs which involved following the decrease in tritium content 
of the substrate, the experimental procedure was analogous to that 
described in part 2, page 66.
The experimental procedures in the runs where the increase in 
tritium content of the aqueous portion was followed were similar for 
both the initial rate method and the method whefe a substantial part of 
the total reaction was followed, the only essential difference being the 
percentage of reaction followed.
, In a typical initial rate run 50 mis. of aqueous acid media were 
equilibrated at 50 + 0.05°C* After equilibration 0.01 mis of a dioxan 
solution of the tritiated substrate were added to the solution and the 
whole then thoroughly mixed by shaking the reaction flask* 3 ml aliquots 
were withdrawn at appropriate time intervals and the reaction quenched 
by shaking the aliquots with 10 mis toluene which removed the majority of 
the tritiated substrate. Two further washings with 10 mis toluene ensured 
complete removal of the tritiated substrate from the aqueous portion,
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1 ml of the latter then being added to 5 mis of N•£• 250 liquid 
scintillator (supplied by Nuclear Enterprises Ltd*) in counting vials 
of low K40 content. The increase with time in the tritium content 
of the aqueous acid portion of the reaction solution was then determined 
using the Beckmann L*S*100 counter, a background count due to the 
vials containing scintillator alone being subtracted from the observed 
counts* The infinity state for the reaction was determined by diluting 
a 1 ml portion of the reaction solution with an acid solution of the 
same concentration as that used in the run and counting 1 ml of the 
diluted solution in 5 mis of N*E*250 scintillator* The amount of 
dilution of the 1 ml portions was governed solely by the requirement 
of bringing the observed c.p*m* into the counting range of the L*S*100 
instrument (viz. 10** c.p.m.)j the dilution factor being allowed for in 
calculating the true infinity value. Dilution of the 1 ml portion with 
a solution of the same acid strength is necessary since hydrochloric acid 
causes quenching^^ in the N.E*250 scintillator. At least 3 infinity 
readings were so taken during the course of a detritiation run.
A plot of (cip*m.)t versus the time for quenching of the
corresponding aliquot is a straight line of slope A c.p.m./ At which when
T —1divided by the infinity reading, (c.p.m. , gives k in sec • Reactions
followed by the initial rate method were never followed to more than 
3% completion and many were followed to less than 0*5% completion.
The reproducibility of the rate constants obtained by the initial 
rate method was ±5% compared to a reproducibility of +2% for the rate 
constants determined by the conventional substrate tritium decrease 
or aqueous portion tritium increase methods where reactions were always 
followed to at least 60% completion* Typical results and treatments for 
all three methods are illustrated in Table 3.2 and figures 3*1 and 3.2*
To check that no side reactions occurred, particularly in aqueous 
H2SO4, the U.V. spectra of the acetophenone solutions were run over a 
range of acidities covering that used for the kinetic runs. No changes 
were observed with time except for para-methoxyacetophenone above
(105)
TfiBLE 3.2
EXPERIMENTAL DATA FOR TYPICAL PET RITI AT ION RUNS
(a) Acetophenone detritiation in 6.1 M HC1 at 50° C.
Aaueous laver Substrate activitv
Time, t. x -3 c.p.m. x 10 -3+log10( ( c .p .m. )co~( c .p .m.) t) -3+log10(c.p.m.)t
mins.
1. 11.0 2.22 1.595 2.521
2. 15.3 3.08 1.586 2.509
3. 24.0 5.05 1.563 2.496
4. 44.3 8.70 1.517 2.448
5. 72.0 13.5 1.450 2.392
6. 93.5 16.4 1.401 2.331
7. 138.8 22.0 1.293 2.220
8. 177.8 ] 25.6 1.204 2.134
9. 217.2 • 29.9 1.067 2.035
10. 269.5 j 31.5 1.006 1.916
11. 327.5 34.6 0.845 1.790
—310 x (c*paa«) = 41.6 (average of three values). 
The above data is plotted in figures 3.1a* and b*
(b) Acetophenohe detritiation in 1.55 x 10~^ M HC1 at 50°Ci
Time, t. 
hrs. mins.
Aqueous layer
y “3 
c.p.m. x 10
0 0 0i42
0 50 0.52
2 38 0.91
3 59 1.13
5 11 1.50
6 58 1.65
9 20 2.08
26 36 4.82
51 16 9.38
10”4 (c.p.m.)^- 530 (average of three values) •
The above data is plotted in figure 3.2 where the slope
of the graph - 8700/60 x 60 x 50 sec
TThus k = slope/fc.p.m.)^
= 9.20 x 10“9 sec~^ 
background counts have been subtracted.
fo r  acetophenone in6 ' IM  M Clat50°C
A. aqueous layer data  
1-7
i-i
0*7
o,
>©. kT=:2*303 x —slope =  8*98* I sec *
■
O
o
\
©
G
100 200 
time (mins)
3 0 0
substrate radioactivity decrease 
2-6
2-4
2-2
2-0
kT= 2 -3 0 3 x  -s lo p e  = 9 * 0 8 x 1 0  5sec~'
©
\
O I GO 200
 L.__
3 0 0
time (mins)
IO 
c.
p.
m
.
F I G .  3 . 2 .  A TYPICAL IN IT IA L  RATE PLOT
acetophenone detrit iat ion. in l-55*IO~3MHCl ot 50®C
O
6
6
slope = 8 7 0 Q / 6 0 a x S 0
-Ic.p.m. sec.
o
/
/o
O
o 10 2 O 3 0 4 O 5 0 6 0
time (hours)
(108)
3. RESULTS 
3*1 Summary
Table 3*3 summarises the chemical shift data of the nuclear magnetic
resonance studies and includes values of
as outlined in the following discussion. Shifts are expressed in parts
per million (p. p.m.),, positive values being downfield and negative values
upfield from the internal standard. Figure 3.3 shows plots of the
observed shifts versus -H values according to Jorgenson and Harter.
Table 3.4 lists the kinetic data in aqueous solutions and
5 Tthe same data is shown in the form of a plot of 10 k versus \jt 
in figure 3.4. The kinetic data for the detritiation of acetophenone in 
2 to 10 M aqueous HC1 is presented in Table 3.5 and Table 3.6 summarises 
the rates of detritiation of acetophenone and para-nitroacetophenone in 
aqueous HC1 solutions below ca. 1 M acid concentration•
and 01311+ which were estimated
(109)
TaBLE 3.3
CHEMICAL SHIFT DaTa FOR THE PROTONATION OF SOME ACETOPHENONES
IN SULPHURIC aCID SOLUTIONS AT 5Q°C 
1* acetophenone; 2. para-bromoacetophenone; 3. para-nitroacetophenone;
4. para-dimethylaminoacetophenone; 5. para-methoxyacetophenone;
6# para-cyancacetophenone; 7. para-t-butylacetophenone•
Chemical shifts p.p.m. x 10
Wt % H2S04 1 2 3 4 5 6 7
34.1 -2.85 L -2.30 -2.56 -3.26
39.4 2.85 - 2.20 2.55 3.25 -2.48 -
44.0 2.85 -3.00 2.20 2.38 3.20 2.63 -
48.5 2.90 3.00 2.20 2.42 3.10 2.63 -
53.7 2.75 2.92 2.18 2.34 2.92 2.57 -
55.8 2.77 2.75 - 2.40 2.83 2.58 -2.30
58.3 2.64 2.85 2.10 2.25 2.23 2.63 2.20
60.5 2.66 2.58 2.12 2.26 1.61 2.63 2.00
63.2 2.38 2.47 2.13 2.16 1.13 2.39 1.65
65.8 2.18 2.20 2.00 2.05 0*90 2.38 1.40
68.4 1.47 2.00 1.90 1.91 -0.20 2.58 1.13
70.7 1.15 1.53 1.61 1.77 +0.05 - 1.00
73.1 -0.23 -0.40 1.40 1.56 0.40 2.09 -0.80
75.7 +0.58 +0.28 1.30 1.17 0i59 1.53 +0.90
78.2 1.20 1.00 0.90 0.82 0^75 1*25 1.27
80.5 1.70 1.35 -0.55 -0.20 0.73 0.68 1.53
82.6 2.16 1.70 0.00 40.29 0.79 -0.20 1.73
85.1 2.36 1.95 +0.69 1.05 0.75 +0.69 1.78
87.4 2*40 2i05 1.43 1.83 0*78 1*28 1.93
89.7 2.50 +2.10 2.13 2.33 0.78 2.00 1.93
92.5 2.57 2.80 3.13 0.78 2.78 1.95
95.5 — - 3.45 3.50 - 3.40 -
96.0 +2.73 - 3.65 3.60 +0.78 3.60 +2.00
98.3 - - 3.80 3.73 - 3.65 -
98.4 - - 3.90 3.75 - 3.70 -
98.7 — - 3.90 3.80 - 3.80 -
99.8 — - 4.40 4.10 - 3.97 -
100.4 — - 4.65 4.20 - 4.40 -
100.9 - - +4.65 +4.20 - +4.40 -
dB= dB=
-2.85 -3.10 -2.20 -2.40 -3.28 -2.60 -2.40
dBH4~“ B^H*^ - JBH4~ ^H 4^  ^H4^ jbh'k~ ^H4” 
+2.85 +2.30 +4.80 +4.60 +0.78 +4.60 +2.00
F I G. 3.3. PLOTS OF OBSERVED CHEMICAL SHIFTS VERSUS-Ho
table 3>4
SUMMARY OF KINETIC DATa IN SULPHURIC ACID aT 5Q°C
(HI)
Wt % 
H2S04
acetophenone
ln5 , T -1 10 k sec
para-nitroacetophenone 
105 kT sec-1
39.4 10.8 5.63
45.6 17.7 9.09
52.0 26.3 16.3
57.4 36.9 25.4
63.5 54.0 41.5
69.2 60.5 73.5
77.8 28.8 155
87.2 3.58 204
99.1 - 50.7
Wt % 
H2S04
Dara-methoxvacetophenone
t„5 , T -1 10 k sec
para-bromoacetophenone
ln5 , T -1 10 k sec
40.4 12.1 10.9
47.5 18.4’ 17.4
52.0 21.7 23.3
57.3 24.1 32.9
64.0 19*5 51.9
68.9 11.6 65.4
77.8 2.12 46.4
87.2 - 6.78
Wt % 
H2S°4
oara-dimethvlarainoacetophenone
ln5 ,T  ^-1 10 k sec
40.4 6.76
47.5 12.0
52.0 16.2
57.3 25.0
64.0 43.1
68.9 66.2
77.8 129
87.2 116
99.1 19.2
I O 
x 
k 
se
c
FIG. 3.4. PLOTS OF I 0 5 kT VERSUS Wt^H^SO^.
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TABLE 3.5
OBSERVED RATE CONSTANTS FOR THE DETRITIATION 
OF ACETOPHENONE IN 2 TO 10 M AQUEOUS HCl AT 50°C
[HCl] 10s kT 
—1 Kinetic
moles/litres sec”
2.20 1.26 ct«
3.06 2.10 cL»
4.19 3.74 c.
3.85 b.
3.84 cl*
. 5.58 7.43 &•
5.95 8.63
6.10 9.20 a.
9.08 ct*
8.98 b.
6.96 13.6 a.
13.4 a.
7.15 14.2 a.
7*95 21.3 a.
8.93 31.6 a.
9.94 49.3 a.
a. Following the decrease in the tritium content of the tritiated 
substrate over at least 60% of the total reaction.
b. Following the increase in the tritium content of aqueous portion 
of the reaction solution over at least 60% of the total reaction.
c. As b. but using the initial rate method, following less than 3% of 
the total reaction.
(114)
TABLE 3>6
OBSERVED RATE CONSTANTS FOR THE DETRITIATION OF 
ACETOPHENONE AND PARa-NITROACETOPHEJONE IN DILUTE 
HYDROCHLORIC ACID AT 50°C
a* Acetophenone
lO^HCll lb9 kT
Kinetic Method
moles/litre sec
1150 5730 a.
311 1320 c.
155 648 c.
78.6 329 c.
4.77 21.2 c.
3.13 14.9 c.
3.10 15.2 c.
2.33 12.4 c.
1.56 9.24 c.
1.55 9.20 c.
1.19 7.03 c.
0.794 5.45 c.
0.568 4.37 c.
0.154 2.45 c.
b. Para-nitroacetophenone
io3Chci3 lo9 kT
Kinetic Method
moles/litre sec
707 1460 a.
503 986 a.
354 706 a.
251 499 a.
203 415 a.
120 252 c.
78.5 156 c.
19.4 51.3 c.
9,72 33.9 c.
3.10 22.6 c,
1.55 21.7 c.
a.)
S see Table 3.5 
0.)
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4. DISCUSSION
4.1 Protonation equilibria
It is evident from figure 3.3 that reasonable titration curves
corresponding to the protonation of acetophenones are obtained. The
titration curves, particularly for compounds protonating in higher
Wt ^ .H^SO^ solutions, are not ideal sigmoid curves. This presents
problems in determining dg and dgH+ values for use in equation 3.0.
(31)However, as Leev f has pointed out, linear log^I versus -Hq plots may
be obtained by choosing dg and d^-f values that are equidistant above
and below the estimated inflection point and beyond the steep part of
the Curve; The use of this method minimises errors resulting from
(32 33)non-ideal sigmoid curves' 9 1 and, moreover, the magnitude of the
observed log-^I versus -H slope (m) varies little for relatively large
(31)variations in chosen dg and d^,+ values. ' Consequently this method 
was used in treating the present data. The I values for acetophenone 
have been calculated from experimental d values. For the other compounds 
the values of d have been taken from the smoothed line drawn through 
the experimental points in figure 3.3. Only I values corresponding to 
10 to 90% protonation have been used. The slopes (m) for the plots of 
1 + log1()I versus shown in figure 3.5 are given in Table 3.7.
The Hq scale used refers to the protonation of nitroanilines. The slopes 
(m) of similar plots using the R scale set up for the protonation of 
amides, and the Hg scale set up for the protonation of benzophenones^^ 
are also summarised in Table 3.7. Solubility difficulties with para-t- 
butylacetophenone in lower Wt %.H^S0^ solutions reduced the accuracy 
with which the shift d could be measured in this region. The value of 
dg for this compound was thus estimated from the general observation for 
all the compounds studied that a considerable decrease in solubility occurs 
when the compound is less than 10% protonated. Only the lower part of 
the titration curve for para-t-butylacetophenone (viz. at higher Wt ^.H^SO^
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TABLE 3.7
SUMMARY OF PROTONATION EQUILIBRIA RESULTS
Wt % H^SO^ values refer to the half-protonation point 
Para-methoxyacetophenone» Wt % H^SO^ =  62.6
m values* Hq: 0*78 kHx values Ho: -3.7
ha; 1*5 at half­
V
-4*8
Hfi: 1.1 protonation hb: -5*1
0 = 0.30; intercept = -3.8.w
Para-bromoacetophenone. Wt % H2S04 = 76i2
m values* H : 0.58 o eHx values Ho: -3.9
Ha: 1.2 at half­ “a ’ -5.1
Hb: 1.0 protonation V -6.0
0 — 0.44; intercept = -4.3.
V
Acetophenone. Wt % H„S0_^  = 74.0
m values. Hq: 0*63 hHx values Ho5 -4.0
Ha: 1*2 at half­ “A: -4.8
Hfi: 1.0 protonation V -5.8
0 - 0.34; iritercept = -4.6.
V
Para-t-butvlacetophenone• Wt % H2S0. = 73.0
m values* H : 0*62 nfl values H : -3.90 X 0
Ha: 1.1 at half*
ha :
-4.4
Hb: 1.0 protonation
hb : -5.7
0 — 0*42; intercept - -3*8.
V
Para-cvanoacetophenone. Wt % H2S°4 « 86.0
m values. H : 0.48o nHx values V -4.0
V  - at half- Ha: -
hb: o.8l protonation
hb : -5.6
$ = 0.45; intercept = -5.0.w
Para-dimethvlaminoacetophenone. Wt % H^SO. = 85.,9
m values. HQ: 0.45
4 •*
nil values V -3.7
ha5 - at half- nA: -
Hb: 0.76 protonation V -5.3
0 = 0*48; intercept =~4.7. 6
(118)
TABLE 3*7 (Continued)
Para-nitroacetophenone, Wt % l^SO^ = 86*6
m values. H ; 0.45 nH values H : -3*8o x o
Ha: - at half- H^:
Hgj 0*75 protonation H^: -5*2
0 = 0.50; intercept =-4.7.
v
(119)
values) was used for determining log^I values from which the m values 
were obtained* Included in Table 3*7 are rJi values corresponding to 
half-protonation of the acetophenones* The unexpectedly high region 
of acidity through which para-dimethylaminoacetophenone protonates is 
rationalised if the dimethylamino group is substantially protonated 
over the range studied* This is bourne out by the kinetic results 
illustrated in figure 3*4.
In the absence of unaccounted-for solvent effects on the observed 
n*m.r* spectra, m is given by
log I = -n«x + pKgK+ (3*s)
and thus from equations 3*c and 3*d
m log10 fBH+/aH+' fB “ log10 fSH+/%+,fS 
Where B is the base following the Hx acidity function, and S refers
{ 36)to the acetophenones*' 7 pKc„+ is given by iaH at half-protonation ofon X
the acetophenones* This assumes a linearity of H with the particular
X  (37)
acidity function defining the protonation of acetophenones,' 7 and the
common intersection of the two acidity functions at pH = Hx = 0* The
results may also be treated in terms of the Bunnett linear free energy 
{7 8)relationship.' 9 J The 0 value of equation 3*k for the present reaction 
mechanism (equations 3*m and 3*n) is composed of two parts, 0 Q which 
relates to the equilibrium protonation step 3*m and 0r which relates to the 
slow rate-determining step 3*n. 0 is equal to 0„ + )ZL and 0O is given by
v a v
log10(CSH+/'CS) + Ho = 0e(Ho + log10°H+) + pKSH+ (3*u)
A plot of the left-hand side of the equation versus + log^C^+
has an intercept of The values of 0q and the intercepts of the plots
for the present data are given in Table 3*7* A typical 0  treatmente
is illustrated in Table 3*8 and figure 3*6* H values^3^  are at 25°Co
whereas the I values used are at 50°C* The term C^+ is taken from raman 
measurements at 50 C on the concentration of HS0^ *~ and SO^ ~ in sulphuric
Table 3.8
DATa FOR BUNNETT-OLSEN 0 TREATMENT FORre
ACETOPHENONE PROTONaTION EQUILIBRIA IN H2S04
wt % h2so4 1 + iog10i ,
65.8 0.127 5*19
68.4 0.504 5.56
70.7 0.628 5.90
73.1 0.932 6.27
75.7 1.178 6.66
78.2 1.390 7.04
80.5 1.597 7.42
82.6 1.861 7.76
V <b) Ho + log10I Ho + log10Ck+
11.29 -6.06 -4.14
11.75 -6.06 -4*49
12.27 -6.27 -4481
12.50 -6.34 -5.17
12.68 -6.48 -5.56
12.59 -6.65 -5.94
12.41 -6.82 -6.33
12.07 -6.90 -6.68
(a) Values of Jorgenson and Harter at 25°C (reference 30)
(b) From Raman data, cf. Table 3.9.
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acid solutions Use of Tickle* s ^ 9  ^values for H at 50°C does noto
give substantial variations in $ or the intercept* Examination ofe
Table 3*7 shows that the values of pKcu+ derived from kH or theSH x
intercept of the plots for equation 3*u show considerable scatter
for each acetophenone and> moreover, the relative values for the
various acetophenones are not in any logical order* The values of
Wt corresponding to half-protonation are however, in very
reasonable agreement with those obtained by Stewart and Yatest*^
Comparison of the results for acetophenone with those of earlier workers
throws light on the apparent disorder in the results* The m values
obtained when the Hq acidity function is used are 0*52^^ 0*73^^
(11)
and 1.26, 7 compared to 0*63 in the present case. The latter two
results are based on U*V* spectrophotometric measurements. The value 
of 0*52 was obtained by Haake et al.from the n*m.r* method used in the 
present studies* It is, however, based on only 5 points between 5 and 
95% protonation* Greig and Johnson^^ explain their relatively high 
value of 1*26 in terms of the faildre of previous workers to account 
adequately for medium effects on the observed spectra, particularly for the 
arms of the sigmoid curves obtained. However, when the method used by
and dgjj+ and hence I values^^*^^ 
is used for the present data for acetophenone m is only raised from
0.63 to 0.70. Close scrutiny of Greig and Johnson’s results for 
acetophenone shows that their high m value reflects, in the main, more 
rapid changes in the U.V. spectra with Hq than are found either in our 
n.m.r* spectral investigations, or presumably in the spectral investigations 
of the earlier work.^"^7^  This would also explain the substantially 
higher value of 0.57 for and corresponding lower intercept of -3*65, 
compared to the present data, obtained by Zalewski and Dunn^*^ from 
U.V* equilibrium protonation studies of acetophenone. Similarly their
Greig and Johnson to determine <L
(123)
value of 0.99 for hi, using the H acidity function, is lower than the 
value of 1.2 obtained in the present studies. Again differences in the 
rate of change of observed spectra with H are implied. The present 
results receive some qualitative support from the work of Katritzky 
et alii^ who studied the protonation equilibria of substituted benzamides. 
The relative values of the slopes m for the various para substituents, 
using the Hq acidity function, in the benzamide work and in the present 
work are very much in line. Furthermore, the present results imply that 
acetophenone protonations follow the acidity function more closely than 
any other available function* This is logical in that the protonation 
site in acetophenones resembles more closely that for benzophenones than 
that for amides or anilines.
It must, however, remain a matter of conjecture as to which set 
of experimental data on the protonation equilibria of acetophenone reflects 
solely protonation changes. Indeed it is likely that all sets of data 
include changes due to medium effects either in terms of more or less 
rapid spectral changes with Hq compared to true changes due to protonation 
alone.
In the light of the above discussion it would appear that it is not 
possible to determine accurate pKg^+ values for a series of compounds for 
which a complete and reliable acidity function, correctly linked to the 
pH region, is not known. This finding receives support in a recent 
conclusion reached by Arnett who stated that because of the frequently 
discordant results obtained for a given weak base using different methods, 
weak base pKgjj+ values are still not even operationally defined.
4.2 Kinetic data
Examination of figure 3.4 reveals that the rates of detritiation 
of the acetophenones pass through a maximum in the regions of Wt %
H^SO^ at which they are half-protonated. Such behaviour has been
(124)
observed, for other reactions in conx^ entraJted.JI^ SG^ , for example in the
decarbonylation of1 aromatic a l d e h y d e t h e  hydrolysis of esters
and the hydrolysis of amides.^5) Moreover, the kinetics of the Schmidt
reaction with substituted acetophenones in aqueous K^SO^ has recently
been studied by Tereshchenko et all^^ and the dependence of the rate
constant of the second-order reaction on H has the form of a curveo
with a maximum which is discussed in terms of the acid-base equilibrium
of the initial fedctants.
The present results may be qualitatively explained in terms of
rate enhancement due to substantial protonation of the acetophenones
followed by rate decreases due to a decrease in the activity of water
with increasing Wt % H^SO^ • Quantitative treatment of the results in
terms of the various mechanistic criteria outlined in the introduction
is more difficult. Clearly, treatments requiring a knowledge of an
accurate pKg^+ value present problems. However, scrutiny of the
treatments due to Zucker-Hammett (equation 3*g), Bunnettto and 0)
(equations 3.i and 3.j) and Buraiett-Olsen 0 (equation 3.k) indicates
a requirement of a Kg^+ parameter which reflects the half-protonation
value of hQ for the compounds under study since it is in the region where
Kc„+-a- h that kinetic maxima are expected for reactions proceeding via 
on 0 i
the A-2 mechanism. In the light of this, the present results have been 
subjected to the various mechanistic treatments using values of h^ on the 
Jorgenson and Harter scale and using a value of hQ corresponding to half- 
protonation for the value of Kgy+* While it is accepted that this 
is not strictly correct it is certainly more meaningful, in the light 
of the original semi-empirical nature of the various treatments, than 
using the particularly low pK^+ values given in Table 3.7. Even a 
cursory examination of the various mechanistic criteria shows that the 
treatments break down when using these lower values of pK<^+. Treatments
(125)
are illustrated for the acetophenone results in Table 3*9 and figures
3.7 and 3*8*
The results for acetophenone are typical of those obtained for the 
substituted acetophenones. Table 3*10 summarises all the results*
The values of C^+ used in Zucker-Hammett and Bunnett-Olsen $ treatments 
are taken from the Raman data referred to e a r l i e r . T h e  values for 
the activity of Vater (a ) used in the Bunnett CO and wX treatments areW
reported v a l u e s w h i c h  are available only at 25°C. It is evident
that the Zucker-Hammett treatments breaks down in that very poorly defined
lines are obtained* The Bunnett wand co treatments are also unsatisfactory
in that curved plots are obtained. Moreover, the average w slopes are
outside the empirical limit of ^>3.3 set by Bunnett for reactions in which
wkter behaves as a proton transfer ageht. This curvature may in part
be due to use of a^ values at 2t50C (although Bunriett^®^ concludes that
the effect of temperature on w and WX is very small) and in part due
to the use of the particular K^+ value chosen. It has however, been 
(49) xforeseen' that wand w lines would show curvature when studied over 
large ranges of acidity and that values of w and wx obtained would be 
dependent on the particular region of acidity studied.
The Bunnett-Olsen value treatment gives good straight lines for 
all the compounds studied. Moreover, the values of 0 are very much in 
line with those of 0.83 for the iodination of acetone in 0.5 to 2.2M HC1,
0.62 for the iodination of acetophenone in 0 to 6.4 M H^SO^ and 0*8 for 
the iodination of acetophenone in 0 to 3.6 M ECIO^.^ The consistency 
of the treatment over such a wide range of acidity is surprisingly good 
and although the present results depend on the value of chosen,
it is evident that they are relatively insensitive to the variation of 
KgH+* For example, when the higher value of ca 7.9 according to 
Oreig and Johnson^*^ is used for pKg^+ of acetophenone the line of the
(126)
TABLE 3.9
DATA FOR VARIOUS MECHANISTIC CRITERIA APPLIED
TO ACETOPHENONE KINETICS IN H2S04
kl = kT -1in sec
and C . , acid in moles/litre
5 + loSlQkl h w0 9
C^+(b) 2 + logl0(Cii«SH+/(ho« S„+))(c)
1. 1.032 2,,51 X 10 6.33 2.801
2. 1.248 8.,32 x 102 7.90 2.898
3. 1.420 3.,55 x 103 8.99 2.954
4. 1.567 1.,45 x 104 9.65 2.061
5. 1*733 9,.35 x 104 10.72 3.015_ - J'-. ,
6* 1.781 8<26 x 105 11.94 2.954
7. 1.460 9,.91 x 106 12.61 2.373
8. 0.554 6«,81 x 108 10.00 0.566
5 + log10(k1(h(,-*SH+>/ho Cacid(d) logio(ki(h0-HCSH+)/Cacid)
1. 5.033 5.22 1.714
2, 4.728 6.30 1.848
{
3t 4.295 7.50 1.945
3.806 - <\\ \ 8.61 2.033
5. 3.182 i 9.95 2.155
6. 2.389 A, 11.30 2.252
7. 1.591 13.50 2.457
8. 0.555 15.95 3.186
4 + log10aw(f>
c (b) f c«x 
2%
-(Ho+log10CH+)
1. 3.761 - 1.599
2. 3.649 - - 2.022
3* 3.489 - ~ 2.596
4. 3.310 ' 24.5 0.329 3.175
5. 3.037 20.0 0.216 3.83Q &
6. 2.712 14.9 0.122 4.593
7. 1.965 7.85 0.045 5.879
8* 0.732 2.58 0.021 7.480
l(g) 5 + log^k^I+l)/^) 2 ^ ioC V ^ h/ ^
4. 0.03 1.738 4.025
5. 0.10 1.473 3.366
6* 0.38 1.170 > 2.583
7. 2.20 0.728 1.412
8. 11.10 0.182 0.277
TABLE 3.9 (Continued)
Values of Jorgenson and riarter at 2S°C (reference 30)* 
From Raman data (reference 38)«
°H+  =  S l S 0 4 '  +  2 CS 0 4 2 -
Cy - Stoichiometric water molarity - C^+
6
is taken as 2*51 x 10 = hQ at half-protonation. 
This is the stoichiometric molarity#
Data of Deno and Taft at 25°C (reference 51)#
Data at 25°C (reference 47).
Values taken from protonation equilibria studies#
io
Qi
o 
(k
,C
ho
-t
-K
S
H
+)
/C
ac
id
) 
5 
+
1o
g
lo 
(
k
,
C
h
o
+
K
S
H+
) 
/ 
ho
)
i /. duiminc. i i mi\u u-J'** I KtA I MhlN Ib
for acetophenone kinetics in H^SO^
CO o
4
O
/
©
/
o
/
/
©
/
/
©
©
✓
V
/
/
/
/
/
/
x
O 1 2  3 4
4 -j- I O Qio^ w
3*0^ 0,3
©
s.
\
2*6
2 2
8
4
\
\
\
\
© \
\©sv  \
\©
\
0
\
I -  i  L-__— — h
O  I 2 3 4
l°
9|
0C
k|
Ch
o 
+ 
Ks
hf
')
/h
o)
r  I Kj. 3.0. A. HAMMETT-ZUCKER B. BUNNETT-OLSEN 0  
AND C. KRESGE-OC TREATMENTS
for acetophenone kinetics, in
A.
9
I • 5
AC
o
d>
o
4 I
in
0 - 7
O
/
/
/
/
/
/ r
/ o 
4  G
I
0
I
I
0
1
/
/
o
2 3 4
2*4* I og 16CcH,.i<s n + / ( h o + K sH+ ) )
B. C.
4
3
O
2-0
cn
ino
0*5
©
7-55-5 O 23-5
(Ho 4-Iog,0 2+log,0CCH+..(Hxo /  I
(130)
TABLE 3.10
SUMMARY OF MECHANISTIC CRITERIA TREATMENTS
Compound w a
1. 2.2(c) -0.5(c) 0.76(s) 0.46 -+0.5(s)
2. 1.7(c) -0.5(c) 0.80(3) 0.36 ca. + 0.4
3. 1.7(c) -0.6(c) 0.80(s) 0.46 -K).4(s)
4. 1.7(c) -0.6(c) 0.76(s) 0.27 -re curve
5. 1.6(c) -0.7(c) 0.75(s) 0.25 -re curve
(c):- curved plots (s):- straight line plots
1. para-methoxyacetophenone; 2. para-bromoacetophenone; 
3. acetophenone; 4. para-dimethylaminoacetophenone;
5. para-nitroacetophenone.
0.5(s)
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Bunnett-Olsen 0 treatment shows only a little curvature with an average
0 value of 1.0. Table 3.10 also includes the 0 values calculated from*r
0-*0e* In that it relates to the slow rate determining step 0r should be 
a better criterion for mechanism than 0. However, it is evident that the 
0r values for the acetophenones are more separated than are the 0 values. 
The 0r values obviously depend on 0e values which in turn depend on the 
variation of the indicators ratio, I, with Hq. In the light of the points 
made in section 4.1 with regard to solvent effects on the observed 
spectra, it would seem reasonable to place more reliance on 0 values as a 
mechanistic criterion. It should be noted that application of the above 
treatments using the scale, which the ac^henone protonation apparently 
follows most closely, does not improve the correlation for any of the 
above mechanistic criteria.
The Kresge a-coefficient treatment does not require the use of 
KgH+ or Hq values. It does, however, require experimentally observed I 
values. The relevant equation for the A-2 mechanism may be derived as 
follows*. Equation 3.1 takes the form below for the activity coefficient 
of the transition state, f , in the rate-determining step of the present 
A-2 mechanism.
f = (fSH+*fH2o) 3^#V^
The experimental rate constant k-^ is given by
= (3-w) 
where k2 is the rate constant for the rate-determining step. Substitution
sb
of expression 3.v for f into equation 3.w and rearrangement of terms
gives equation 3.x in logarithmic form
l„„ V 1 + I fH,0.°K+ k2 ,
log10 kX' I Cw al°S10 — --- + loSlO(KSH-tf (3,X)
where Cw is the concentration of water. A typical treatment according to
equation 3.x is illustrated for acetophenone in Table 3.9 and figure 3.8c.
(132)
The treatment is, of course, limited to kinetic results in the tft %
H^SO^ region where values of the indicator ratio may be accurately
measured* Figure 3*8c shows that a good straight line is obtained with
a slope of 0*4* A similar line of slope 0*5 is obtained for para-
methoxyacetbphenone and a poorly defined line with a slope in the region
of 0*4 to 0*5 is obtained for para-bromoacetophenone. However, the
treatment breaks down for para-nitro- and para-dimethylamino-
acetophenone giving poorly defined lines of negative slope* This
breakdown may in part be due to inaccuracies in and f^  ^in the high
2
Wt % H^SO^ region and the inherent solvent effects on the n*m*r* spectra
used to calculate I values as discussed in part 4*1 above*
The treatment of the kinetic data for the detritiation of
acetophenone in 2 to 10 M HC1 is summarized in Table 3*ll and figures
3*9, 3*10, and 3*11* Since ov®r ran&e acid concentration
studied, the plots for the various treatments take the simplified
forms shown* The Zucker-Hammett treatment again breaks down since the
results correlate better with -Hq (figure 3*10a) than log^Q C^+
(figure 3*10b)* The slope of log^Q ^  versus -H plot is 0*56 which is
in good agreement with the value of 0*59 for the ibdination of acetophenone
in 0*6 to 6.4 M ^ S O ^ . ^  The Bunnett co and a)X treatments (figure 3.9)
still show a tendency to curvature towards the (0 and a) values obtained
in HgSO^* It should however, be noted that the values of 3*0 for u) and
-2*4 for to32 for more dilute acid are both outside the limits quoted
earlier for a reaction in which water acts as a proton transfer agent.
This would imply a need for an extension of the present limits* The
Bunnett-Olsen 0 value treatment again holds well giving a good straight
line of slope 0.57 (figure 3.11). This value is somewhat lower than
the values obtained in H^SO^ media where the slope obtained is dependent
to some extent on the value of Kc„+ chosen and indeed the H scale used*oh o
(133)
TABLE 3*11
DATA FOR VARIOUS MECHANISTIC CRTTfiRTA APPLIED 
TO ACETOPHENONE KINETICS IN 2 TO 1CM HCL
IIH IN SEC”1
6 + log1Q -H <a> 0 loSlOCacid(b) -(Ho+1og10CK+)(b)
1, 1.101 0,76 0.342 0.418
2. 1.322 1.06 0.485 0.575
3. 1.584 1.46 0.622 0.838
4. 1.871 1.98 0.747 1.233
5. 1.936 2.11 0.775 1.335
6. 1,964 2.16 0.785 1.385
7. 2.133 2.48 0.842 1.638
8, 2.153 2.55 0.854 1.696
9. 2.328 2.85 0.901 1*944
10. 2.499 3.20 0.951 2*249
11* 2.692 3.57 0.997 2.573
1 + log,.a to10 w 6 + Ho + log1() kx 6 + log10( V Cacid>
1. 0.956 0.341 0.759
2. 0.930 0.262 0.836
3. 0.886 0.124 0.962
4, 0.815 -0.109 1.124
5. 0.793 -0.174 1.162
6. 0.784 -0.196 1.179
74 0.725 -0.347 1.291
8. 0.711 -0.397 1.299
9. 0.648 -0.517 1.428
10. 0.564 -0.701 1.548
11. 0.470 -0.878 1.695
a* Values of Paul and Long at 25°C (reference 52)*
b. = stoichiometric molarity of acid,
c. Values at 25°C (reference 5 page 4967),
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The results for the detritintion of acetopheocme and para-nitro-
acetophenone in the pH region (Table 3,6) are shown in the form of 
T
plots of k versus [HCl] in figures 3*12 and 3*13# The consistency 
of the second order rate constants (the slope of the plots) on going 
from relatively high concentrations of acid (0*1 to 1 M HCl) to lower 
concentrations (<0*1 M) is very good* The intercepts of the plots
correspond to the contribution to the rates from catalysis by water#
-9 —1 —9 —1The values of 2 x 10 sec and 20 x 10 sec for acetophenone and
para-nitroacetophenone respectively are in the expected order and are in
line with the value of 5 x 10~^ sec”'*' determined for acetone.
Figure 3.14 shows plots of log^Q k versus log^CHCl] * The slopes
of one, in each case, are as expected for the pseudo-first order
reaction for which the rate is directly proportional to the concentration
of the catalysing acid* It is interesting to note that the pH region is
the only region of acidity in which the Zucker-Hammett hypothesis may be
successfully applied for the present studies* The hypothesis, however,
is obviously redundant in this region*
I W. OAtL. rLU'i b Uf“ K V t K b U S  LHCil
for acetophenone in the pH region
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1. INTRODUCTION
I on-pairs and the factors influencing i~Vio±r formation.
(1 2)The precise definitioh of an ion-pair has presented difficulties'1 9 
to conductance workers and kineticists alike* There exist a variety of 
treatments relating the stability of the ion-pair to parameters such as ion 
size and dielectric constant of the medium* In all the treatments the ion- 
pair is considered to be a stable configuration with definite parameters 
and is assumed to be in equilibrium with the remaining free ions to which
(3)
the Debye-Huckel theory may be applied* UnirtHianMlp Prue,v 7 wte
ViiUcfs.
considered a simple mddel based on spherical ^as molecules wmk adapted to
' ' a
account for coulombic interactions and the presence of a solvent comprising
(4)a structureless continuum of dielectric constant e0 A t  bp Fuossv 7 wJm
considered ion-pairs as comprising anions as point charges on or within
C* 3 1 AsS-^
a spherical surface corresponding to the cation* Both JtimA to the expression 
(4»a) for the association constant for iolt-pair formation according to 
equation (4*b) •
= 4TTNa^ exp. (Z+Z-eVe a^Bl) (4.a)
M+ -1- X~^ [M+X~] (4.b)
In the expression (4ia) N is Avogadro’s numbelj a is the closest
distance of approach for the ions, Z+e and Z-e are the electronic
charge values for the ions, e is the dielectric constant of the
solvent, kg is the Boltzmann constant and T is the temperature in °A*
Irrespective of the particular model employed it is evident that
ion association is favoured by a low dielectric constant, high charge
on the ions and a high concentrations of the ions*
1.2 Ion association effects in proton transfer reactions.
The effect of ion-pairs on the overall rate of a reaction is a
(5)matter of considerable interest and Davies' 7 has shown, by means of 
particular examples, how information on the nature of the ion-pair, and 
of the activated complex through which reaction proceeds, can be obtained.
(146)
Proton transfer reactions are one of the most extensively studied 
because of their inherent simplicity* Frequently they involve the 
interaction of a neutral molecule and an ion* In extremely dilute 
solutions all the ionic species involved would be in the form of free 
ions and the reaction would simply be between molecule and ion. In 
very concentrated solutions ion association could be so extensive that 
the proportion of reaction involving free ions is not kinetically 
detectable* Between these two extremes ion-pair contributions require 
careful analysis.
1*3 Review of work done
(6 7 8 9)For aqueous alkali-metal hydroxide solutions it has been shown1 7 7 7
that the extent of ion association for a particular base concentration
is in the order KOH<^NaOH<CLiOH • This led Rochester^^ to suggest that
ion association effects could in part explain the observed order of
basicity H_(K<M)>H_(NaQH)^H__(LiOH) and quantitative tests by Jones^^
showed that the differing basicities could be correlated with the extent
(12)of ion association. However, Yagil' has shown that hydration effects 
also play an important role in determining the basicity of aqueous 
solutions of alkali-metal hydroxides.
In alcoholic media, the dielectric constants of which are lower than 
water, ion association effects would be expected to be more pronounced. 
Acidity function measurements(^>*^) 0f concentrated methoxide solutions 
show analogous trends in basicity to those observed in aqUeous media.
That is, for a given concentration, H_(KOMe)^>H_(NaOMeX>H_(LiOMe) •
The majority of quantitative studies of ion association effects in 
alkoxide solutions are based on conductance measurements in dilute 
solution and Table 4.1 lists some of the dissociation constants obtained. 
There are several qualitative observations that support these findings.
TABLE 4.1
DISSOCIATION CONSTANTS OF SOME ALKALI-MET aL ALKOXIDES
Alkoxide Kd Reference
KOMe w*-*'0il-0*2 14
KOEt 0.0189, 0.028 14, 15
NaOEt 0*020 15
LiOEt 0.0057 15
RbOEt 0*0257 15
CsOEt 0*0154 15
KOBu 0.0016 16
(148)
(17)It has been reported^ that the conductance of t-butanol is only
slightly increased by the addition of sodium t-butoxide whereas the
addition of benzyl trimethylammonium chloride arid 2-phenylethyltrimethyl-
ammonium bromide increases the conductance markedly. This is consistent
with the observation^"^ that benzyl trimethylammonium t-butoxide in
—3t-butanol at concentrations as low as 10 His about 1000 times more
basic than a solution of potassium t-butoxide of the same concentration.
Furthermore j potassium t-butoxide solutions are approximately twice
as basic as sodium t-butoxide solutions at the same concentration in the
range 0.0005 M<[M+ OBu 3<0*06 and raising the temperature
from 30°C to 50°C approximately halves the basicity of potassium t-butoxide 
(18)solutionsv ' since the dielectric constant of 1-butanol decreases with
increasing temperature. In addition to ion association there is, at
least for t-butoxide solutions, some evidence(18,19)
of ion aggregates.
There are a few kinetic studies which add to the evidence for the
existence of ion association in alcohol-alkoxide media. For the base-
(16)catalysed racemisation of (+)-2-methyl-3-phenylpropionitrile^ J at higher
base concentrations the reaction becomes nearly second order in NaQMe and
KQMe but falls below one for LiQMe. Th6se results suggest that the ion-
pairs catalyse the reaction with Li+ 0Me~ less and K+0Me~ and Na+OMe”
more active than the free methoxide ioni The reaction between Li, Na, and
K methoxides with 2,4-dinitrochlorobenzene in methanol shows that
ion association is particularly pronounced for lithium methoxide. Only for
( 21)NaQMe - MeOH is the base-catalysed addition of alcohols to ethylene oxidev 7
first order in base. The order is less than unity for C^H^0~-C^H^0H, and
C^HgO- - C4Hg0H suggesting that the free alkoxide ion is the more reactive
(22) +catalyst. When the reaction is carried out in dioxan' the Na OMe ion- 
pair is nearly one tenth as reactive as the free methoxide ion.
(149)
Bethel and co-workers have correlated the rates of several reactions with 
BtiOH
the empirical Hr acidity functions for Na and K t-butoxide solutions in 
(18)t-butanol.v 7 For bifluorenylidene formation from substituted 9-bromo- 
(23 24)fluorenesv 9 7 and for the E2 elimination of hydrogen bromide from
( 25)9-bromo-9,9? -bifluorenylv 7 change of the alkali-metal cation from
BuOHpotassium to sodium in media having the same Hr value halved the
reaction rate. In the former reaction this effect is explained if ion-
pairs formed by the association of 9-bromo-fluorenyl carbanions with
sodium or potassium ions participate in the rate-determining step.^^
Similar effects are evident in the base-induced autoxidation of fluorene^^
and 9-substituted fluorenes*^®^ The rates of proton abstraction from the
(29)oc -carbon atom of 4-nitrophenylmethylchloridev 7 are greater in solutions
of KOBu in t-butanol than for the same concentrations of NaOBu in
BuOHt-butanol; at the same Hr value however the rates are the same for the 
two bases.
Work on solutions of bases in anhydrous alcohols other than methanol
and t-butanol is sparse • A few equilibrium measurements on the ionization
of amine indicators in solutions of alkali-metal alkoxides in the
corresponding alcohols have been made and Bowden(30,31) ^ag a
comparison of H__ values for dilute (<0.1 M) solutions of alkali-metal
alkoxides in methanol, ethanol, isopropranol, t-butanol and t-pentanol.
A Considerable amount of work concerning ion association in
protophilic and aprotic solvents has been reported. Liquid ammonia and
cyclohexylamine are the most widely studied protophilic solvents and their
low dielectric constants of 17 (25°C) and 5.4 (-21°C) respectively are
(32)very much in favour of ion-pair formation. Several investigationsv 7 
on alkali-metal amide association in liquid ammonia have been made, and 
values for the dissociation constants obtained. From these investigations 
it is evident that ion association is more pronounced than in hydroxylic
(150)
solvents. However, the relative values of the dissociation constants 
are very much in line with the data in hydroxylic solvents • Work in 
cyclohexylamine by StreitWeiser and co-workers leads to similar 
findings;
(34)Smid and co-workers' have made extensive u.v. absorption studies 
of ion-pair formation for fluorenyl salts of alkali-metals and other 
cations in such aprotic solverits as toluene, dioxan, tetrahydrofuran 
and 1,2-dime thoxye thane, all of which have very low dielectric constants.
They have been able to obtain quantitative data on the species present 
in solution. These species comprise both contact (M F ) and solvent- 
separated (M+/s/f“) ion-pairs as well as ion-aggregates ([M+F~J n).
1.4 Objects of the present work
It is evident from the above outline of reported work that data 
on ion association in alkoxide-alcohol media, especially for ethoxide- 
ethanol and t-butoxide-t-butanol, is relatively scarce, particularly 
for base concentrations above - 0.1 molat.
The object of the present work was to investigate ion-pair 
formation in Li, Na and K ethoxide and t-butoxide solutions in ethanol 
and t-butanol respectively. To accomplish this we studied the 
variation of the rate of a simple proton transfer reaction with concentration 
of base, and we also studied the variation, with concentration of base, 
of the nuclear magnetic resonance position of the hydroxyl protons in the 
media with a view to supplementing the results of the kinetic investigations. 
The proton transfer reaction studied in t-butoxide-t-butanol media was the 
detritiation of (r)-phenylmethylacetophenone. This compound was chosen 
since its rate of detritiation in hydroxide-water media (see part 2, page 69) 
indicated that the rate in t-butoxide-t-butanol would be experimentally 
accessible. Solubility problems prevented the use of this compound for the 
ethoxide-ethanol media, in which the detritiation of para-dimethylami.no - 
acetophenone was consequently followed.
(151)
2. EXPERIMENTAL
2.1 Theory
a. Kinetic studies
The mechanism of base-catalysed proton exchange in the grouping 
has been discussed in part 2 (page 57 )• In the present studies
the observed rate in time ^ will be given by equation 4.c in which
+  — 4* —
(M OR ) refers to contact ion-pairs and (M /S/OR ) refers to solvent-
separated ion-pairs.
T ,_T, r
kobs “ k0R'-C 0R' ] + f t ' 'C <M 0R~>]
+ “Vi+/S/OR'C(M+/S/OR')] (4.°)
7 7 7The relative values of k^-, and k ^ + a n d  the extent of
ion association in the media will be factors determining the variation of
kobs ^ase concentration. k  ^is obtained from a plot of
logloCR-T] (or log^(c.p.m.)t) versus time in an analogous manner to
that described in part 2 (page 58) •
b. Nuclear magnetic resonance studies
The resonance position of the hydroxyl proton in alkoxide-alcohol 
media will depend oh the amount of magnetic shielding or deshielding it 
experiences. The average magnetic environment of the hydroxyl proton in 
the media will differ from that in the pure alcohol due to added 
interactions of the type shown in figure 4.1. All the shown interactions 
should result in a decrease in the diamagnetic shielding of the hydroxyl 
p r o t o n , r e s u l t i n g  in a downfield shift of the resonance position.
2.2 Materials
A.R. ethanol was stored over 4A molecular sieve for at least 3 days 
prior to use. Its n.m.r. spectrum comprised a doublet for the hydroxyl 
proton and a double quartet for the methylene protons indicating an 
absence of water or acidic or basic impurities.
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Laboratory reagent t-butanol was distilled and passed through a 
2 foot column of 4A molecular sieve prior to use*
Stock alkoxide solutions were prepared by washing the appropriate 
alkali-metal twice in separate batches of the alcohol before reacting 
the metal with a third batch of the alcohol* The whole operation was 
carried out under nitrogen for Na and K alkoxide preparation and under 
argon for Li alkoxide preparation* The concentration of the stock 
solutions were determined by titration of a known volume, diluted with a 
considerable excess of Water, with standard potassium hydrogen phthalate 
solution* Solutions of varying concentrations of base were prepared 
by weight from the stock solution and the calculated concentrations 
checked by titration* all solutions were used within 48 hours of their 
preparation.
The tritiated compounds were prepared in an analogous manner to 
that described previously. (Part 2, page 58)*
2*3 Procedure
a* Kinetic Studies
The kinetic measurements were made at 33*4 + 0.05°C, the normal 
temperature of operation of the spectrometer used in the n.m*r* studies* 
The detritiation technique is essentially that described in part 2 
(page66 )* In a typical run 10 mis of the alkoxide-alcohol media 
were equilibrated in a therraostated water-bath. A trace of the labelled 
compound, as a saturated solution in A*R* dioxan was then added to the 
solution and the whole thoroughly mixed by shaking the reaction flask.
0*7 ml. aliquots were withdrawn at appropriate time intervals and the 
reactionAquenched by introduction of the aliquots into separating tubes 
containing 10 mis. of water. 10 mis. of scintillator solution [2,5- 
diphenyloxazole (3*4 gms per litre) in sulphur-free toluene] were then 
introduced into the separating tubes and, after shaking and allowing
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the layers to separate, the toluene layer was pipetted off and dried by
shaking with anhydrous sodium sulphate* 5 mis. of the dried solution
were counted, in counting vials of low content, on the Beckmann
L*S*100 counter described earlier (page 9 ). Thus the decrease in
tritium content of the labelled compound with time was determined.
A plot of log-^ Q (c.p.m.)^ versus the time for quenching of the
corresponding aliquot allowed determination of the rate constant for
detritiation. Reactions were normally followed to at least 80%
completion and always to 60% completion. For all the media studied,
except lithium t-butoxide-t-butanol, good first order plots were obtained
and rate constants were reproducible to ±2%, For the lithium t-butoxide-
t-butanol media, for lower concentrations of base, curvature of the
first order plot was observed. Consequently, some reactions were
(37)studied in flasks sealed with suba-seal stoppersv 1 and maintained 
under a slight positive pressure of argon. Aliquots were withdrawn 
through the stoppers by means of a syringe. This improved the linearity 
of the first order plots but did not remove curvature completely.
However, rates were normally reproducible to +5%.
The tritiated compound used in the t-butoxide-t-butanol studies 
was phen3rlmethylacetophenone-T. The first order plots for the 
detritiation of this compound in ethoxide-ethanol solutions, particularly 
for high concentrations of base, showed unacceptable scatter. This was 
probably due to insolubility of the compound in the media. Consequently 
para-dimethylaminoacetophenone was used as the tritiated substrate in 
the ethoxide-ethanol studies.
b. Nuclear magnetic resonance studies
The n.m.r. spectra of the solutions were recorded on a 60 K.Hz. 
Perkin-Elmer R.10 spectrometer at the normal probe temperature of 33.4°C. 
The typical instrument setting was R.F. field = 1 x 10 , R.F. gain = J,
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sensitivity = sweep rate = 16, time constant *= 015 secs and scale 
factor = 6* The sample cell (figure 4.2) comprised a standard 5 mm 
tube containing a concentrically mounted capillary. The latter 
contained hexame thyldisiloxane as the external standard from which all 
chemical shifts were measured. Each spectrum was recorded at least 
three times and average chemical shifts determined. For the runs in 
ethoxide-ethanol media the shifts of the methylene and methyl protons 
were measured to the origin of the signal as were the shifts for the 
hydroxyl, methylene and methyl protons of pure ethanol. Chemical shifts 
were reproducible to +0.02 p.p.m.
The spectra were also run with the cell in a non-spinning mode to 
allow bulk diamagnetic susceptibility corrections to be made, if necessary, 
using the method of Douglass and FratiellG.^®*'^
.R. CELL ASSEMBLY
cap
capillary tube
external standard 
5 m.m. tube
alkoxide-alcohol sc
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3. RESULTS
3.1 Summary
A typical kinetic result is illustrated in Table 4.2 and figure 4*3. 
Tables 4.3 and 4.4 summarise the kinetic results in t-butoxide-t-butanol 
and ethoxide-ethanol respectively* and figures 4.4 and 4.5 illustrate 
in graphical form the relationship between the observed rate constant/ 
[Base] and the [Base].
The nim.r; results are summarised in Tables 4.5 and 4.6. The 
quoted chemical shifts in parts per million (p.p.m.) are downfield shifts 
from the external standard. The splitting of- the hydroxyl proton peak in 
the spin-off mode is also quoted in p.p.m.
TABLE 4.2
TYPICAL KINETIC DATA AND TREATMENT
Detritiation of para-dimethylaminoacetophenone in 0.570 molar 
sodium ethoxide in ethanol at 33.4°C.
Experimental data:-
Time. t —310 x c.p.m. -3 + log-^ c.p.m.
mins. secs;
1 01 234.6 2.370
1 29 197; 3 2.295
1 58 157.1 2.196
2 19 132.4 2.122
2 47 105.3 2.022
3 09 84.7 1.928
3 39 63.8 1.805
4 01 54.9 1.740
4 21 4712 1.6?4
4 40 41.2 1.615
A plot of -3 + c.p;m; versus time is shown in figure 4.3.
The observed rate constant is related to the slope of the plot by
^obs 5=1 x -slope.
-4 -1Since -slope = 36.3 x 10 sec
= 83.7 x 10~4 sec*"'*'
and
10^ kobs/[Base] ~ 14.7 l.m.^.sec**^
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TABLE 4.3
KINETIC DATa FOR t-BUTOXIDE-t-BUTANOL SOLUTIONS
Detritiation of phenylmethylacetophenone at 33.4°C.
1* Potassium t-Butoxide
[Base] 104 kQbs 1q4 W t 8* 36]
moles/litre sec 1 - 1 - 1  1. m. sec
0.700 328 469
0.562 251 447
0.419 179 427
0.282 111 393
0.141 53*5 379
0.0690 25.4 368
0.0347 12.2 353
0,0139 4.76 342
0.00660 2.13 323
0.00317 0.906 286
2. Sodium t-Butoxide
iBase] 104 kobs 104 kobs/CBa^]
mbles/litre sec
-1 -1 1. m. sec
0.192 41*2 215
0.162 35*5 220
0.124 28*6 232
0.0644 15.5 240
0.0298 7.39 248
0.0107 2.79 261
0.00515 1*39 270
3. Lithium t-Butoxide
[Base] 1C)4kobs ^  W t Base3
moles/litre sec ^ 1 -1 -1 1. hi. sec
0.190 1.87* 9.81
0.0840 1.53 18.9
0.0796 1.41 17.7
0.0622 1.39 22.4
0.0416 1.15 27.7
0.0316 1.07 34.0
0.0282 1.05^ 37.3
0.0106 0.614 57.9
*Runs carried out under Argon*
TABLE 4.4
KINETIC DATA FOR ETHOXIDE-EIHANOL SOLUTIONS 
Detritiation of para-dimethylaminoacetophenone at 33*4°C. 
1* Potassium Ethoxide
fBasel 104 kobs 10 kobs/£BaseJ
moles/litre -1sec n -1 -11. ia. sec
0.524 81.6 15.6
0.406 62.1 15.2
0.329 50.0 15.2
0.210 31.8 15.1
0.108 16.0 14.8
0.0505 7.29 14.4
0.0170 2.45 14.4
2. Sodium Ethoxide
DBasel 104 kobs 1°3 kobs/[Base]
moles/litre -1sec 1. m."'*' sec"’*'
0.570 83.7 14.7
0.341 50.6 14.8
0.228 32.6 14.3
0.110 15.7 14.3
0.0600 8*35 13.9
0.0569 7.91 13.9
0.0304 4.27 14.0
3. Lithium Ethoxide
fBasel 104 k , obs 1C)3 kobs/EBase3
moles/litre -1sec -1 -1 1. m. sec
0.546 64.2 11.8
0.416 52.5 12.6
0.276 34.7 12.6
0.136 16.8 12.4
0.0896 11.4 12.7
0.0454 5.90 13.0
0.0229 3.06 13.4
0.0115 1.60 13.9
0.00519 0.715 13.8
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TiiBLE 4.5
N.M.R. DATA FOR t-BUTOXIDA-t-BUTANOL SOLUTIONS
All chemical shifts and splittings are in p.p.m. T = 33.4°C.
1, Potassium t-Butoxide
fBasel OH proton t-Butyl OH proton
shifts proton shifts splitting for
moles/litre spin-off mode
0*700 +5.82 +1.30 0.28
0.562 5.59 1.29 0.29
0.419 5.33 1.29 0.30
0.282 5.04 1.28 0.30
0.141 4.82 1.27 0.30
0.0690 4.72 1.27 0.31
0.0347 4.67 1.28 0.29
0.0139 4.62 1.28 0.30
0.00660 4.62 1.28 0.29
0.00317 4.60 1.28 0.31
Pure t-Butanol 4.60 1.27 0.28
2. Sodium t-Butoxide
fBasel OH proton t-Butyl OH proton
shifts proton shifts splitting for
moles/litre spin-off mode
0.192 4.85 +1.30 0.33 ‘
0.162 4.85 1.29 0.33
0.124 4.76 1.27 0.32
0.0644 4.70 1.27 0.31
0.0298 4.70 1.27 0.32
0.0107 4*60 1.27 0.33
3 • Lithium t-Butoxide
fBasel OH proton t-Butvl OH proton
shifts proton shifts splitting for
moles/litre spin-off mode
0.190 +4.60 +1.27 0.28
0.0796 4.61 1.27 0.27
0.0622 4.61 1.27 0.27
0.0211 4.60 1.27 0.27
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TABLE 4.6
N.M.R. DATA FOR ETHOXIDE-ETHANOL SOLUTIONS 
All chemical shifts and splittings are in p.p.m. T = 33.4°C. 
1. Potassium Ethoxide
fBase 1 OH proton
shifts
moles/litre
CH^ proton 
shifts
CH^ proton 
shifts
OH proton 
splitting for 
spin-off mode
1.955 +7.69 +3 • 65 +1.21 0.28
1.500 7.08 3.63 1.19 0.30
0.988 6.51 3.61 1.17 0.31
0.892 6.25 3.61 1.17 0.33
0.500 5.89 3.60 1.16 0.35
0.247 5.54 3.58 1.14 0.39
0.0858 5.36 3.57 1.14 0.38
0.0476 5.26 3.57 1.14 0.40
0.00940 5.21 3.53 1.14 0.39
'ure ethanol 5.21 3*53 1.14 0.39
: * S odium Ethoxide
[Base] OH proton GH0 proton CH^ proton OH proton
shifts shifts shifts splitting for
ides/litre spin-off mode
fc.78 +8.63 +3.66 +1.21 0.28
2.05 7.94 3.64 1.20 0.32
1.39 7.06 3.61 1.18 0.34
0.710 6.19 3.60 1.16 0.38
0.333 5.88 3.58 1.14 0.38
0.119 5.38 3.57 1.13 0.40
0.0590 5.32 3.58 1.13 0.42
\ • Lithium Ethoxide
.[Base] OH proton CH^ proton CHj proton (Si proton
shifts shifts shifts splitting for
ides/litre spin-off mode
0.546 +6.07 +3.60 +1.15 0.37
0.416 5.88 3.60 1.15 0.37
0.276 5.67 3.60 1.14 0.37
0.136 5.45 3.60 1.13 0.37
0.0896 5.36 3.58 1.13 0.37
0.0454 5.28 3.58 1.13 0.36
0.0229 5.24 3.57 1.13 0.38
0.0115 5.23 3.57 1.13 0.40
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4. DISCUSSION
4.1 Kinetic results
The plots of figures 4.4 and 4.5 best illustrate the comparative
kinetic basicities of the alkoxide solutions. The results in t-butoxide-
t-butanol (figure 4.4) clearly indicate that ion-pairing in t-butanol
follows the order (Li+’*0Bu)^ >(Na+’’0Bu)> (K+“ OBu) and that it is
particularly pronounced for lithium t-butoxide. The results for
potassium t-butoxide suggest that catalysis by the ion-pair for potassium
is greater than that for the free butoxide ion i.e. in equation (4.c)
T T
^0R~ * Such an idea has been invoked previously to explain enhanced
rates in media where ion association is important^34b) 
the explanation of such phenomena is as yet conjectural. It must also 
be noted that in alcoholic solutions there are a smaller number of moles
of alcohol per litre compared to water, for example, and an insufficiency
.Sc,4j£l.W«n (40)
of solvent for ion hptos&WNfe- will occur at lower concentrations of base.'
Consequently the enhanced basicity for increasing concentrations of
potassium t-butoxide could be due, at least in part, to desolvation of
free t-butoxide ions. On this basis the observed trends for potassium,
sodium and lithium could result from a competition between ion association,
tending to reduce the basicity of the solution, and desolvation of any
free butoxide ioh, tending to enhance the basicity of the solution.
The results can also be presented in the form of plots of the
logarithm of the observed rate constarit (in sec”**") versus the logarithm
of the base concentration (figure 4i6). These are good straight lines
with slopes of 1.10, 0.930 and 0.370 for potassium, sodium and lithium
respectively. The above conclusions may be similarly applied to the
trends observed in these plots since a constancy of the parameter k ^g/
[Base ] would result in a straight line of slope equal to one for such a
plot.
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The particularly extreme behaviour for lithium is very much in
line with earlier observations on the nature of lithium t-butoxide.
■ . . fioV
Kamienski and Lewis found that the solubility of lithium t-butoxide
in such solvents as tetrahydrofuran and n-heptane was considerably
higher than its solubility in t-butanol. This suggests a considerable
tendency to covalency in the compound and this finding is emphasised
( 41)by spectroscopic studies of the solid, the vapour and solutions of
the compound in non-polar solvents.
It is interesting to look at the correlation of the observed rates
with the acidity functions that exist for solutions up to 0.1 M in base
for the t-butoxide-t-butanol system. The single function tabulated 
(31)by Bowdenv 7 for both sodium and potassium butoxide solutions in t-butanol
up to concentrations of 0.1 M is related to the concentration of base
by the equation (4.d).
H_ = 20.14 + log[0R~] (4.d)
Consequently a logarithm of k ^  versus H_ plot takes the form
shown in figure 4.6 for concentrations of base below 0.1 M. The three
different lines obtained for K, Na and Li imply a requirement of
individual H_ scales for each metal ion. This requirement is met for K 
BuOH (1ft)and Na in the Hr scale'* 7 set up for concentrations of base below
0.1 M. However, the plot of the logarithm of the observed rate constant 
BuOH
versus Hr (fig* 4.7) shows two different lines forK and Na. This
suggests a differential action between ion-pair effects on the ionization
of the indicators used in setting up the scale and the proton transfer
(29)reaction that we have studied. Bethel and Cockerillv 7 suggested that
BuOHthe dependence of rates on Hr alone, and not on the cation, may be 
characteristic of reactions in which the formation of a carbanion is 
rate-determining. Clearly this does not also apply to the reaction that 
we have studied where enolisation. occurs in the rate determining step 
(see part 2, page 57),
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t-Butanol has a dielectric constant of ca. 10*9 at 33*4°C^42a^
whereas ethanol, at the same temperature has a dielectric constant of
ca. 21*5^ k ) # Consequently when we compare the results for ethoxide-
ethanol (figure 4*5) with those for t-butoxide-t-butanol we find similar
but far less pronounced trends for the former media* Figure 4*8 shows
a plot of the logarithm of the observed rate constant versus the
logarithm of the base concentration* H_ values for sodium ethoxide-
ethanol media up to 0*1 M base concentration have been tabulated by 
(31)Bowden*v 1 These values again parallel the logarithm of the base
concentration and consequently a logarithm of k ^  versus H__ plot
takes the form shown in figure 4.8 for concentrations of base below 0*1 M*
Although solubility difficulties curtailed our studies of the
detritiation of phenylmethylacetophenone in ethoxide-ethanol media
sufficiently accurate rate constants in dilute ( 0.1 M base) potassium
-3ethoxide solutions were obtained to interpolate a value of 7.0 x 10
1* m. ^ sec~^ for k^g/CBase] for extremely dilute solutions* Preliminary
studies of the detritiation of para-dimethylaminoacetophenone in
- 3 - 1  -1
potassium methoxide-methanol media give a value of 3*2 x 10 l*m* sec » 
Consequently an (estimate of the relative kinetic basicities of hydroxylic 
media when ion association is. minimal can be made, (Table 4.7)* It is 
evident that the order of basicity is OH in H^O <T0Me in Me0H<DEt in 
EtOH<C.OBu~ in BuOH* This is in agreement with the order found by Jones 
and Stewart*
4*2 Nuclear magnetic resonance studies
The value of the hydroxyl proton splitting for the spin-off mode 
for the t-butoxide-t-butanol media (Table 4.5) shows very little change 
outside the experimental accuracy of the measurements. Greater changes 
are evident for the ethoxide-ethanol media (Table 4.6) but only above 
about 0.5 M concentration of base and, since the main objective was
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TABLE 4*7
RELATIVE KINETIC BASICITIES OF HYDROXIDE-WATER 
AND ALKOXIDE-ALCCHOL MEDIA IN EXTREMELY DILUTE SOLUTIONS 
Kinetic data is for the detritiation of para-dimethylamino- 
-acetophenone at 33.4°C.
Medium 10 k^g/CBase] Basicity relative
-1 -11. in. sec
to ~0H/H20
oh7 h2o 1.4 + 1
OMeTkeCH 3.2 2*3
0Et“/Et0H 14.1 10
OBu “/Bu OH 56X 40
[^Value interpolated from the rate at 2S°C. J.R. Jones, unpublished results,
^Calculated from values for phenylmethylacetophenone
-3 -1 -1in ethoxide-ethanol (7.0 x 10 1. m. sec )
-3 -1 -1in t-butoxide-t-butanol (28.x 10 1. in. sec )
and from the value for para-dimethylaminoacetophenone
-3 - 1 - 1in ethokide-ethanol (14.1 x 10 1. m. sec ).
Thus x 28 x K f 3 = 56 x 10 3 1. m.~^ sec
This assumes a cohStancy of the rate ratio for phenylmethylacetophenone 
to para-difaiethylaminoacetophenone on going from ethoxide-ethanol to 
t-butoxido-t-butanol.]
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a comparison of the hydroxyl proton shifts for the. three different alkali 
-metal ions, bulk diamagnetic susceptibility corrections were not 
deemed iiecessary.
No deshielding effects are evident for the t-butyl protons (Table 4.5) 
with increasing base concentration. They are just evident for the 
methylene protons, and to an even smaller extent for the methyl protons, 
in ethoxide-ethanol media, (Table 4.6).
Figures 4.9 and 4*10 show plots of the observed hydroxyl proton 
shift versus base concentration. It is just apparent from figure 4.9 
that deshielding effects for potassium t-butoxide solutions are a 
little greater than deshielding effects for sodium t-butoxide solutions of 
the same concentration. Lithium t-butoxide solutions exhibit no 
measurable change, pointing to a tendency to covalency and hence a 
tendency to reduce all of the deshielding interactions illustrated in 
figure 4.1. In ethoxide-ethanol solutions (figure 4.10) the above 
trends are completely reversed. A tentative explanation of these 
observations may be made with reference to the interactions illustrated 
in figure 4.1. It seems reasonable that the relative order of magnitude 
of deshielding for the various interactions is (d)^>(a) + (b)^(c).
If in ethanol solvent-separated ion-pairs, rather than contact ion-pairs 
predominate, then lithium ethoxide solutions for which ion association 
is greatest would exhibit the greatest deshielding effect. In t-butoxide- 
t-butanol solutions there would be expected to be considerable steric 
hindrance to the formation of solvent-separated ion-pairs exhibiting 
the interaction (d) and consequently the predominant form of ion association 
would be expected to be in the form of contact ion-pairs. Thus, 
although the tendency towards ion association remains in the order 
K <fNa<CLi, less ion association would result in greater deshielding of 
the hydroxyl protons.
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